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ABSTRACT

Zakrajsek, Anne D. Ph.D., Purdue University, May 2015. A Three Constituent Mixture
Theory Model of Cutaneous and Subcutaneous Tissue in the Context of Neonatal
Pressure Ulcer Etiology and Prevention. Major Professor: Eric Nauman, School of
Mechanical Engineering.

Localized ischemia, impaired interstitial fluid flow, and sustained mechanical
loading of cells have all been hypothesized as mechanisms of pressure ulcer (PrU)
etiology. Time-varying loading has experimentally been shown to increase fluid flow in
human skin in vivo. Towards the design of prophylactic protocols and treatment
modalities for PrU management there is a need for an analytical model to investigate the
local fluid flow characteristics of skin tissue under time-varying loading. In this study, a
triphasic mixture theory model with constituents of extracellular matrix, interstitial fluid,
and blood was calibrated and validated and used to investigate stress and fluid velocity
under quasi-static and time-varying loading conditions, respectively. Four input strain
profiles were considered, including uniform, geometric circular segment, Gaussian, and
Hertz-type strain profiles. Calibrated bulk and shear modulus (ț=227.7kPa, µ=1.04kPa)
were on the same order of magnitude as literature. Fluid velocities were investigated for
apparent strain amplitudes of 100-700İ and frequencies of 10-80Hz. At the lowest
amplitude and frequency, interstitial fluid velocities were on the same order of magnitude
as literature values, ͳ

ఓ
௦

and ͳ


௦

, respectively. Interstitial fluid and blood velocity both

xvi
experienced significant increases with increasing amplitude and frequency. The study
demonstrated the ability to analytically predict quasi-static stress profiles as well as
predict fluid velocity increases in cyclically loaded soft tissues by employing quasi-static
mechanics and mixture theory models.

Consequently, this study builds a strong

foundation for use in the development of vibrational support surfaces for use in
prophylactic protocols and adjunctive treatment modalities for PrU management.
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CHAPTER 1. INTRODUCTION

According to recent literature disseminated by the National Pressure Ulcer
Advisory Panel (NPUAP), an independent not-for-profit professional organization, 1 to 3
million people develop pressure ulcers (PrUs), also known as pressure sores, bed sores, or
decubitus ulcers, each year in the United States [1]. The NPUAP defines a PrU as
³ORFDOL]HGLQMXU\WRWKHVNLQDQGRUXQGHUO\LQg tissue usually over a bony prominence as a
UHVXOWRISUHVVXUHRUSUHVVXUHLQFRPELQDWLRQZLWKVKHDU´UDQJLQJLQVHYHULW\IURPPLQRU
(Stage I) to severe (Stage IV) [2]. PrUs appear superficially on the skin or develop at the
bone-tissue interface manifesting as deep tissue injury (DTI) [3,4]. PrUs may occur in
any person experiencing prolonged mechanical loading, but are commonly associated
with those who are bedridden, wheelchair bound, or wearing a prosthetic, orthotic, or
other medical device [3].

Statistics regarding PrUs distinguish between incidence and prevalence. NPUAP defines
incidence, which represents nosocomial PrUs, as the number of persons who develop
PrUs within a given time period [5]. Prevalence is defined by NPUAP as µD FURVVsectional count of the number of cases at a specific point in time, or the number of
persons with PrUs who exist in a patient population at a given point in time¶ Reports
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from the Agency for Healthcare Research and Quality (AHRQ) estimate a PrU incidence
of .4-38% in acute care, 2.2-23.9% in long term care, and 0-17% in in-home care settings
[6]. Likewise, PrU prevalence estimates report 10-18% in acute care, 2.3-28% in long
term care, and 0-29% in in-home care settings [5]. Estimates vary widely for many
reasons, including miscalculation of prevalence versus incidence statistics, failure to
consistently stage PrUs, inaccurate assessment and documentation of PrU upon
admission, and financial disincentives for hospital-acquired conditions and readmissions
[7-9].

PrUs cost an estimated $8.5-11 billion dollars per year in medical care [7,10]. More than
90% of PrUs are considered medical errors which amount to an estimated $3.3-3.8
billion dollars per year ranking them consistently as both one of the most common and
most costly medical errors [11]. These figures have become increasingly important, as
2008 changes to the Centers for Medicare and Medicaid Services (CMS) regulations
classifiHG 3U8V DV D ³QHYHU HYHQW´ ZKLFK PHDQV WKDW WUHDWPHQW SUHVFULEHG IRU KRVSLWDOacquired pressure ulcers (HAPUs) is no longer reimbursed [12].

Beyond the financial ramifications, PrUs carry great physical, emotional, and
psychological burden for both patients and their families. PrUs lead to higher healthcare
costs, longer hospital stays, limited activities, increased morbidity and co-morbidities,
increased mortality, emotional distress, and a decreased overall health-related quality of
life (HRQL) [13-15]. Adjunctive therapies often required for late stage PrU treatment,
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such as pulsed electromagnetic treatment, electrical stimulation, and negative pressure
wound therapy, further detract from HRQL [14,16,17].

Several factors are hypothesized to contribute to PrU etiology, the relative importance of
each is not yet well understood [2]. At a fundamental level, sustained pressure is believed
to be a primary mechanism of PrU etiology [3,18,19]. Other common hypotheses of PrU
etiology include ischemia, hyperemia, cyclic ischemia-reperfusion injury, lymphatic
deficiencies, friction, shear, malnutrition, and neuropathy [3,4].

Treatment modalities for PrUs range from topical to adjunctive therapies, and in severe
cases, surgical debridement and reconstruction [20,21]. Treatment modalities include
regimented repositioning, wound cleansers, vitamin and mineral supplementation, enteral
(delivered through a feeding tube) and parenteral (delivered intravenously) feeding,
ultrasound therapy, specialized support surfaces, and negative pressure suction therapy
[1,21-25]. Recent studies show that one modality has not proven superior to the others
and thus further research is necessary to mitigate the effects of mechanically-induced PrU
formation [20].

Populations at risk for PrU development are those that withstand prolonged periods of
mechanical loading, such as those who are in wheelchairs, bedridden, or wearing a
prosthetic, orthotic, or other medical device. These situations often result from risk
factors and co-morbidities, such as acute injury, functional limitations, perfusion
deficiencies (diabetes, vascular disease, etc.), moisture status (incontinence), nutritional
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deficiencies, and age [26,27]. An estimated 80% of all persons with spinal cord injuries
(SCIs) will develop a PrU within their lifetime, while 30% of those with SCIs have a PrU
at any given time [28-30]. More than 70% of all PrUs occur in those age 70 or greater
[31]. Furthermore, greater than 90% of adult PrUs occur over bony prominences,
including the sacrum, heels, and elbows [32,33].

Once thought to be insignificant among the pediatric population, recent studies have
uncovered incidence rates ranging from 0.8% to 53% [33-37]. A 2003 national survey
reported a 4% average prevalence rate for stage III and stage IV PrUs in pediatric
hospitals [38]. As with adult PrUs, accurate statistics are increasingly important as
pediatric HAPUs are no longer reimbursed by Medicaid as of July 2012 [39].

Pediatric PrUs result in prolonged hospital stays, increased risk for infection, and
emotional distress for both the patient and families. Distinctly different than adult PrUs, a
large proportion of pediatric PrUs are medical device related. Multiple studies have
reported that 50% to 69% of pediatric intensive care unit (PICU) PrUs are device-related
[35,39]. Neonatal intensive care unit (NICU) PrUs, although not widely documented,
have reported that up to 90% of PrUs are medical device related [39]. Common medical
devices associated with PrUs are noninvasive positive pressure ventilation (NIPPV)
facemasks, tracheostomy tubes and ties, pulse oximeters, and extracorporeal membrane
oxygenation (ECMO) cannulas [39].
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Towards the design or redesign of device(s) that prevent and treat PrUs, specifically
pediatric PrUs, this research attempts to better understand the etiology of PrUs overall.
With a greater understanding of the primary factors in PrU development, design
parameters for prevention and treatment devices can be properly developed. Therefore,
the long-term goal of this research is to uncover the primary mechanisms of PrU etiology
with an emphasis on fluid flow and fluid flow maintenance in vulnerable and
compromised tissue. As a step towards uncovering the complex etiology of PrUs, a
biofidelic model of cutaneous and subcutaneous tissue will be developed and
implemented to investigate stress and fluid flow mechanics under clinical boundary
conditions. As such, the following specific aims will be addressed.
1. Calibrate and validate a mixture theory based analytical model of skin tissue in
vivo. Stress-strain relationships for in vivo human skin tissue were acquired from
literature and used to calibrate three different models for the solid constituent:
incompressible linear elastic (ILE), incompressible Neo-Hookean (INH),
compressible Neo-Hookean with uniform strain input (CNH-U), and compressible
Neo-Hookean with Hertzian-type strain input (CNH-Hertz). Model parameters
were estimated by minimizing the root mean squared error (RMSE). The CNHHertz model proved to have the best predictive capabilities, and therefore, model
parameters were taken to be those of the CNH-Hertz model calibration.
2. Predict tissue stress state under varying clinically relevant scenarios. The
compressible, Neo-Hookean model was further validated by examining the
predictive capabilities of the model with varying strain input. Two different
Hertzian strain input forms were considered, namely elastic contact between a
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sphere and a half-space and elastic contact between a cylinder lying on a halfspace. The form of the strain inputs were selected to simulate the occiput of a
neonate in supine lying position and an oxygen cannula lying on the tissue surface
of a neonate.
3. To develop a time dependent mixture theory based analytical model of skin tissue
in vivo to investigate the effect of vibration on the maintenance of fluid transport.
A three constituent mixture theory was developed with constituents of solid
extracellular matrix (ECM), interstitial fluid, and blood. Using a compressible,
Neo-hookean model previously calibrated and validated for the solid constituent,
the interstitial fluid and blood velocities were predicted for various time-varying
loading scenarios. The apparent strain magnitude and frequency were varied from
100-İDQG-80 Hz, respectively.
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CHAPTER 2. BACKGROUND

2.1

Anatomy and Physiology of Skin
Skin is the largest organ of the integumentary system and the body. It accounts for

approximately 15% of total adult body weight. The skin has many important functions,
including providing protection from physical, chemical, and biological aggressors,
excretion of waste products, temperature regulation, and vitamin D synthesis and storage.
Skin is mainly collagen and elastin in a gel continuum of mucopolysaccharides with a
principle mass of collagen [40]. The skin is divided into three layers called (from superior
to inferior) the epidermis, dermis, and hypodermis (Figure 1) [41].

Figure 1. An isometric view of a cross section of human skin tissue depicts the three
prominent layers (from superior to inferior), including the epidermis, dermis, and
hypodermis [42].
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The epidermis has an average thickness of 100 µm and is a non-vascular tissue
composed mainly of keratinocytes in several layers, namely (from inferior to superior)
the basal layer, stratum spinosum, granular layer, stratum lucidum (in the palmoplantar
region only), and stratum corneum (SC). The epidermis contains two structure units, the
sweat glands and hair follicles [41].
The stratum corneum (Figure 2) is well established as the least permeable layer of
skin, creating a barrier to transepidermal water lass (TEWL) and to percutaneous
absorption [43-45]. As such, the primary role of the SC is barrier function. The SC is
typically 10-20µm thick with a structural appearance of bricks (corneocyte proteins) and
mortar (lamellar lipids) [45,46].
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Figure 2. The epidermis is a complex tissue layer and is broken down into sublayers,
including the stratum corneum, stratum granulosum, stratum spinosum, and stratum
basale. The dermal epidermal junction connects the epidermal and dermal layers [42].

Between the epidermis and dermis lies the dermal-epidermal junction (DEJ). The
DEJ is composed of basal keratinocytes and dermal fibroblasts. Not only does the DEJ
provide mechanical support for the adhesion of the epidermis to the dermis, it regulates
transport between the two layers. This is critical for necessary immunologic and
inflammatory processes required for wound healing [41].
The dermis is composed of cells (fibroblasts, dermal dendrocytes, fibrous molecules,
and a ground substance (glycoproteins and proteoglycans), with thickness varying greatly
with anatomic location. It is subdivided into the papillary (superficial) and reticular (deep)
layers and therefore its structure is inhomogeneous depending on depth. The papillary
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layer forms finger-like projections that lock into the epidermis creating adhesion between
the layers. The majority of dermal fibers are composed of types I and III interstitial
collagen arranged in loose papillary bundles and thick reticular bundles. The dermis
contains cutaneous vessels from the arterial, venous, and lymphatic systems, and afferent
(touch, pressure, vibration, etc.) and efferent (sweat) innervation [41].
The hypodermis is the deepest part of the skin composed of adipose tissue
(adipocytes) with thickness varying greatly with anatomic location, age, and gender.
Primary roles of the hypodermis are temperature regulation, insulation, and nutritional
storage. Structure components contained in the hypodermis include the deepest part of
sweat glands, vessels, and nerves [41].

2.2

Mechanical Properties of Skin
The elastic and viscoelastic mechanical properties of skin have been studied in vivo

and in vitro in animals and humans under mulitple loading conditions, such as uniaxial
compression, uniaxial and biaxial tension, and torsion using various methods, such as
mechanical experiments, ultrasound, and MRI [47-57]. Despite numerous studies
examining skin properties, there still exists a wide range of values, as the properties of
skin are largely dependent on age, gender, anatomical site, microclimate and overall
tissue health (hydration, nutrition, disease, etc.) [58]. Both aggregate (Table 1.) and
individual tissue layer (Table 2.) properties are summarized in order to understand the
depth dependent characteristics of skin.
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Table 1. Mechanical properties of aggregate human skin tissue.
Young's Modulus
(kPa)

Shear
Modulus
(kPa)

Reference

8.5 ± 1.74

3.3 ± 0.46

[49]

8.3 ± 2. 1
4.36 ± 1.05(2.8-5.96)
8.82 ± 3.77 (6.0413.74)
28.6±4
24±3.8
13.7±5.3
11.2±2.8
18± 4
8.8
5.2
3.44± 0.8
1.46± 0.26

2.8 ± 0.8
-

[49]
[48]

-

[48]

-

[55]
[55]
[55]
[55]
[50]
[49]
[49]
[53]
[53]

Table 2. Mechanical properties of the stratum corneum (wet and dry), viable epidermis,
dermis, and hypodermis.

Stratum
Corneum

Viable
Epidermis
Dermis
Hypodermis

Young's
Modulus (kPa)

Shear
Modulus
(kPa)

Reference(s)

500 (3.5-1000)
0.04-10E6
30 (10-50)
6-10E4
1.5

30 (dry)
10 (wet)
30 (dry)
10 (wet)
-

[50,53,54]
[53]
[50,53,54]
[53]
[53]
[53]
[50,52,53]

0.02 (8-35E-3)
2.00E-03

-

[49,50,52,56]
[56]
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2.3

Classification of Pressure Ulcers
At the most basic level, PrUs are a form of tissue breakdown as a result of applied

pressure, frictional force, and/or shear. While the exact etiology of PrUs is not well
understood, various mechanisms related to applied mechanical loading have been
hypothesized, including tissue hydrostatic pressure, impaired microcirculation, hypoxia,
reperfusion injury compromised interstitial transport, and impeded lymphatic return [5967].
NPUAP classifies PrUs into four stages and two categories. Stages I-IV classify
superficial tissue injury. The remaining categories distinguish unstageable/unclassified
PrUs and DTI [2]. It is important to note that PrUs occurring on mucosal membranes,
such as device-related PrUs caused by endotrachial tubes or oxygen cannulas, cannot be
FODVVLILHGXVLQJ138$3¶Vsystem due to histological differences in the tissues.

2.3.1

Stage I PrUs
Stage I PrUs are identified by non-blanchable erythema of otherwise intact skin.

The area is generally different than the adjacent tissues in color, feel, and temperature,
and may be painful. Stage I PrUs have the highest incidence and prevalence rates, with
55-61% of all hospital acquired PrUs being Stage I PrUs and an overall prevalence of
approximately 40% [68]. The incremental cost of Stage II PrUs is approximately $2000
[69].

13

Figure 3. A.) Stage I PrU characterized by non-blanchable erythema. The affected tissue
may be painful and present in different color, feel, and temperature than adjacent tissue
B.) Stage I heel PrU. Images courtesy of NPUAP.

2.3.2

Stage II PrUs
Stage II PrUs are characterized by partial thickness loss of dermis. This may

present as a shallow, red-pink open ulcer or an intact or ruptured serum or serosanguinous filled blister. Stage II PrUs have the second highest incidence and prevalence
rates, with 34-37% of all hospital acquired PrUs being Stage II PrUs and an overall
prevalence of 34-37% [68]. The incremental cost of Stage II PrUs is approximately
$3,000-$10,000 [69].
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Figure 4. A.) Stage II PrU characterized by partial thickness loss of dermis. The affected
tissue may present as a shallow red-pink open ulcer or an intact or ruptured serum or
sero-sanguinous filled blister. B.) Sacrococcygeal Stage II PrU. Images courtesy of
NPUAP.

2.3.3

Stage III PrUs
Stage III PrUs are characterized by full thickness skin loss with exposed adipose

tissue only. Bone, tendon, and muscle should not be exposed in a Stage III PrU. Slough
may or may not be present. Stage III PrUs are more common in critical care scenarios,
such as in intensive care units, where Stage III incidence rates of up to 30% have been
reported [70]. The incremental cost of Stage III PrUs is approximately $5,900-$14,840
[69].
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Figure 5. A.) Stage III PrU characterized by full thickness skin loss. Tissue breakdown of
the epidermal and dermal layers leaves the adipose tissue exposed. B.) Stage III hip PrU.
Images courtesy of NPUAP.

2.3.4

Stage IV PrUs
Stage IV PrUs are characterized by full thickness tissue loss with exposed,

palpable or visible bone, tendon, and muscle. Slough may or may not be present.
Incidence and prevalence rates for Stage IV PrUs are not accessible in literature, however,
the incremental cost of Stage IV PrUs ranges from $18,730-$21,410 [69].
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Figure 6. A.) Stage IV PrU characterized by full thickness tissue loss with bone, tendon,
or muscle exposure. B.) Stage IV ankle PrU with exposed metal fixation device. Image
courtesy of NPUAP.

2.3.5

Unstageable/Unclassified
Unstageable/Unclassified PrUs are characterized by full thickness tissue loss for

which the depth of the PrU is unknown due to the presence of slough and/or eschar. The
wounds are likely Stage III or IV PrUs and will be distinguished as such once enough
slough and/or eschar is removed via debriedment.
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Figure 7. A.) Unstageable/Unclassified PrU characterized by full thickness tissue loss the
depth of which is obstructed by slough and/or eschar. B.) Unstageable/Unclassified ankle
PrU. Image courtesy of NPUAP.

2.3.6

Suspected DTI
Suspected DTI is characterized by a localized area of purple, maroon discolored

skin or a sanguineous blister. The area is generally different than the adjacent tissues in
color, feel, and temperature, and may be painful.

Figure 8. A.) Suspected DTI is characterized by a localized area of purple, maroon
discolored skin or a sanguineous blister. B.) Stage IV PrU in combination with DTI
located on the heel and ankle. Image courtesy of NPUAP.
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2.4

Prophylactic Treatment
Prophylactic treatment measures are non-pharmacological treatments that typically

target populations with impaired mobility, impaired nutrition, or impaired skin health
[10].

2.4.1

Impaired Mobility
The most basic prophylactic treatment for impaired mobility is the use of a

specialized support surface. Support surfaces are defined by NPUAP as
³$VSHFLDOL]HGGHYLFHIRUSUHVVXUHUHGLVWribution designed for management of tissue
loads, micro-climate, and/or other therapeutic functions (i.e. any mattresses,
integrated bed system, mattress replacement, overlay, or seat cushion, or seat
FXVKLRQRYHUOD\ ´[71].
There are seven categories of support surfaces, including reactive (alters load distribution
with a change in pressure), active (alters load distribution with or without change in
pressure), integrated bed system, non-powered, powered, overlay, and mattress. Any such
support surfaces may be composed of one of more of the following components: air,
cell/bladder, viscoelastic foam, elastic foam, closed cell foam, open cell foam, gel, pad,
viscous fluid, elastomer, solid, or water. Support surfaces may have special features, such
as air fluidization (silicone-coated beads that liquefy when air passes through), alternating
pressure (cyclic loading and unloading), lateral rotation (rotation about longitudinal axis),
low air loss (provides air flow to manage heat and humidity), zone redistribution, or
multi-zoned surface [10,71]. Generally speaking, dynamic (powered) support surfaces
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are more expensive than static support surfaces (overlays), with air-fluidized beds being
the most expensive [10].
Several studies have analyzed the effectiveness of support surfaces. When used in
operating theaters, visco-elastic foam mattresses were shown to decrease the incidence of
postoperative PrUs [72]. Other studies have demonstrated specialized foam and sheep
skin to be superior in PrU incidence reduction than standard hospital mattresses in
multiple settings [73-81]. Further studies have shown that gel in combination with foam
overlays is superior to plain foam itself [79,82].
The large majority (79%) of studies comparing static and dynamic support
surfaces have found no difference in PrU incidence reduction between the two [10,83].
However, both static and dynamic support surfaces are superior to standard surfaces [84].
Aside from support surfaces, repositioning at 2 hour intervals (Q2H) is a standard
protocol for the prophylactic treatment of PrUs that was initiated in the 1960s [85,86] and
validated by the classic pressure-time threshold curve developed by Reswick and Rogers
[18] (Figure 9). A Q2H turning regime is both costly to the nursing staff and the patients,
as the nursing staff spends approximately 15 days out of 365 patient-days per year on
turning and the patients are disturbed every 2 hours including throughout the night [87].
Recent studies show that repositioning at 4 hour intervals in combination with a viscoelastic foam overlay may be more effective [87,88].
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Figure 9. The classically referenced pressure-time threshold curve developed by Reswick
and Rogers [18] provides guidelines for the allowable pressure versus time of application
for tissue under a bony prominence. Pressures that fall below the curve are acceptable
and above the curve are unacceptable.

2.4.2

Impaired Nutrition
The role of nutrition in the prevention of PrUs has been assumed, but is not

supported with strong evidence [10]. One study compared patients over the age of 65
who ate a regular diet to those who supplemented a regular diet with two nutritional
supplements per day. The control group was approximately 1.5 times more likely to get a
pressure ulcer [89]. Other studies have found that the incidence and severity of PrUs
increases with poor nutrition that results in decreased calorie intake, dehydration, and low
serum albumin levels [89-91]. These factors all contribute to a lower tolerance of skin to
mechanical loading [10].
Serum albumin levels are roughly indicative of the amount of protein available in
blood for healing purposes. Several studies suggest a correlation between protein-deficit
nutrition (protein energy malnutrition) and increased incidence of PrUs [92-94]. In order
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to prevent low serum albumin levels, patients at a high risk for PrUs with impaired
nutrition are put on protein-rich nutritional supplements. The supplements may be enteral
or parenteral, the most effective administration of which has yet to be determined [95].
Although evidence is lacking, nutrition is generally believed to play a critical role
in pressure ulcer prevention, as most PrU risk analysis tools include nutrition as a risk
factor [96-98]. Furthermore, NPUAP as well as the European Pressure Ulcer Advisory
Panel (EPUAP) also consider nutrition as a risk factor for PrU in their guidelines
[99,100].

2.4.3

Impaired Skin Health
Populations with impaired skin health are at an obvious risk for PrUs. Topical

treatments, such as lotions and specialty lotions, are the primary prophylactic intervention.
Topical agents reduce the coefficient of friction between the skin tissue and support
surface, prevent hyperproliferative skin growth, and maintain skin hydration [10,101].
Studies have shown that essential fatty acids (EFAs), such as linoleic and linolenic acids,
are the most effective topical agents for PrU prevention [102,103].

2.5

Acute/Chronic Treatment
Acute/chronic treatment of PrUs includes managing the primary and secondary

contributing factors, wound care (pharmacological, topical treatments), and adjunctive
therapies typically in that order [20,104]. Management of primary and secondary
contributing factors is likely the most important treatment and should therefore receive
the most attention [104].
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2.5.1

Managing Contributing Factors
Managing the contributing factors of PrU formation begins with repositioning as

well as the same support surfaces used for PrU prevention, including specialty foam
overlays, powered and unpowered mattresses, low air loss mattresses, alternating
pressure mattresses, fluid mattress overlays, and any combinations of such support
surfaces [20].
Conflicting studies suggest that more research is necessary to elucidate whether
powered support surfaces are superior to unpowered support surfaces for repositioning
purposes in the treatment of PrUs [105-110]. Similarly, conflicting evidence exists for
powered mattresses as well. While some studies find no difference between PrU healing
between powered mattresses, Allman et al. found that air fluidized mattresses decreased
PrU surface area while alternating pressure mattresses increased PrU surface area
[106,111,112].
Nutritional supplementation is also considered both a preventative measure and a
treatment for PrUs. Nutritional treatment may include protein, vitamin C, arginine, zinc,
and antioxidant supplementation, all of which help to facilitate healthy tissue growth
[20,113]. Most studies have found that protein supplementation increases PrU healing
rates [20,114]. Conflicting evidence suggest additional research is necessary to
understand the role of vitamin C in PrU healing rates [115,116]. Arginine, a dietary
conditionally essential amino acid that functions as a substrate for protein synthesis,
collagen deposition, and cell proliferation among other things, has been shown to
significantly enhance collagen production and increase wound healing [113,117-120].
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Zinc and antioxidant-rich supplements have also shown to mediate wound healing
[20,113,120].

2.5.2

Wound Care
Wound care involves applying a topical agent and/or dressing the wound. There

are many options for wound dressings that can be categorized as debriding, hydrating,
absorbent, and antimicrobial products. The majority of such wound dressings are basic
emollients, hydrogels ( hydrophilic polymer network), and hydrocolloids (cross linked
adhesive matrix containing gelatin, pectin, and other polymers).
When comparing collagenase versus fibrinolysin or deoxyribonuclease,
collagenase versus hydrocolloid and/or alginate and phenytoin solution versus normal
saline, no difference in wound healing was found [20]. Mean wound surface area
reduction per week was found to be higher in wounds treated with calcium alginate [121].
And finally, compared to lanolin or pertrolatum, oxyquinoline facilitated wound healing
[122].
Topical agents for PrU treatment can be categorized as wound environment
modulators, skin substitutes, platelet-derived growth factors, and other growth factors
[20]. Treatment with platelet-derived growth factors and nerve growth factors have
shown to have higher complete healing rates than a placebo [123,124].

2.5.3

Adjunctive Therapies
Adjunctive therapies for PrU treatment include vacuum, electric current, ultrasound,

electromagnetic, laser, light, and hydrotherapy.
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Vacuum therapy, also called negative pressure therapy (NPT), topical negative
pressure (TNP), or vacuum assisted closure (VAC), is the application of negative
pressure across a wound to assist in healing [125]. Increase in blood flow, induction of
cell proliferation and angionenesis, and reduction of wound surface area are attributed to
TNP [126].
Chronic wounds are commonly treated with electric current or electric stimulation
(ES) therapy. (6 LV EDVHG RQ WKH ERG\¶V HQGRJHQRXV ELRHOHFWULF V\VWHP which signals
bone remodeling for fracture healing and regeneration for soft-tissue wounds. ES mimics
natural bioelectric currents when the body fails to do so [127]. Ultrasound therapy for
PrU involves using low intensity oscillating sound pressure waves to induce blood flow
[128]. Electromagnetic therapy (EMT) delivers a pulsed electromagnetic field that
induces a field effect in the radio frequency band, commonly 27.12 MHz. The short, onoff pulses used in EMT are thought to encourage cell proliferation by facilitating the
migration of electrically charged cells to the wound bed, although the exact mechanism is
not well understood [129].
Low-level laser therapy (LLLT), although not well studied in vivo, has been
thought to influence the rate of wound healing. LLLT accelerates inflammatory phase of
wound healing, enhances prostaglandin concentration (cell growth), enhanced ATP
synthesis, enhanced collagen synthesis, fibroblast proliferation, and immune system
activation [130]. The application of light therapy, or phototherapy, is thought to stimulate
the regenerative process in a similar manner. Phototherapy accelerates production of
ADP in mitochondria, restores cell membrane potential, and stimulates fibroblast and
collagen proliferation [131].
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Two common modalities of hydrotherapy are whirlpool and pulsatile lavage.
Whirlpool therapy is common, but is expensive, inconvenient, and poses crosscontamination risks as the patient must be immersed in a tub that gets used by all others
in whirlpool therapy. Pulsatile lavage provides localized hydrotherapy by supplying a
pulsing, pressurized stream of standard saline via an inexpensive, single-use device [132].
The mechanism of healing provided by hydrotherapy is not well understood, but assumed
to heavily rely on debridement properties [132].
Several studies have shown electric current, laser, and ultrasound treatments to
have no significant affect on PrU healing [115,133,134]. Two studies found that
electromagnetic therapy improved wound healing [135,136]. Similarly, light therapy has
been shown to have insubstantial healing improvement [137].
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CHAPTER 3. SPECIAL CONSIDERATIONS FOR THE NEONATAL
POPULATION

3.1

Introduction
Skin health is especially important for neonates adjusting from an aquatic to an

aerobic environment [40]. Not only do neonates have a disproportionately large head,
greater body surface area, and an inadequate epidermal barrier, they are also at increased
risk of skin breakdown due to electrolyte imbalance, fluid imbalance, and thermal
instability [138,139]. The importance of neonatal skin is emphasized by the fact that skin
PDNHVXSIRUDSSUR[LPDWHO\RIDQHRQDWH¶VWRWDOERG\ZHLJKWDs opposed to 3% in
adults [140]. Just as with adults, the skin offers protection from physical, chemical, and
biological aggressors, with barrier function nearly entirely at the stratum corneum level
[141].

3.2

Neonatal Skin Anatomy and Physiology
As with adults, neonatal skin tissue is composed of epidermal, dermal, and

hypodermal layers, the thickness and composition of which, however, may be very
different. The differences in composition are especially dependent on the gestational age
at birth and lead to vulnerabilities not common in adult skin tissue.
While adults and full term babies typically have 10-20 layers of stratum corneum,
premature babies lack sufficient stratum corneum, appearing gelatinous without healthy
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coloring from missing keratinocytes [40]. Premature neonates less than 30 weeks
gestational age have 2-3 layers of stratum corneum and micro premature neonates less
than 24 weeks gestational age have no stratum corneum. This is especially concerning
given that the stratum corneum protects very vulnerable neonates from evaporative heat
loss and transepidermal water loss (TEWL). Neonates born at less than 30 weeks
gestational age have been shown to experience TEWL at rates fifteen times greater than
that of adults [40]. Despite the lack of stratum corneum at birth, however, adult levels of
stratum corneum are reached within a few weeks of birth. Conflicting evidence exists for
the exact postconception or postnatal age at which the stratum corneum matures [142144]. Generally, neonatal skin is said to be in a state of flux as the neonate adjusts to
extrauterine life [145].
Another skin vulnerability in infants lies at the dermal-epidermal junction. The
junction between the dermis and epidermis is underdeveloped with very few fibrils in the
basal layer. A lack of fibrils leads to compromised cohesion between the two layers. This
often leads to epidermal stripping, in which the epidermal layer is stripped off of the skin
as adhesive tape is removed (Figure 10) [40,138,139].
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B
A

Figure 10. A. Medical-device related DTI from prone positioning on the pilot ballon of
tracheostomy tube and B. epidermal stripping from adhesive tape [146].

Neonates often have diminished amounts, if any, of adipose between the dermis
and deep tissues [139]. While not well studied, this could have significant implications in
the development of neonatal PrUs.

3.3

Neonatal Pressure Ulcer Prevention and Treatment
Similar to adult PrUs, neonatal PrUs result from prolonged mechanical loading

(pressure, friction, and/or shear); however, the source of loading is not only pressure over
a bony prominence, but is often due to life-sustaining medical devices [40]. While adults
can generally tolerate low levels of mechanical loading for a given amount of time
according to Reswick and Rogers pressure-time curve, pediatric patients and neonates
have developed PrUs in less than one hour of admission [18,139,147]. The widely
accepted safe level of pressure in adults is between 28 mmHG and 38 mmHG, with
ischemia often resulting at 32 mmHG. In neonates, this has not been well studied.
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The top three PrU inducing medical devices in descending order are O2 saturation
probe, non-invasive ventilation mask, and orthotics [146]. Some other common PrU
inducing medical devices are vascular access devices, positioning agents, gastronomy
tubes, endotracheal tubes, trachesotomy related, continuous positive airway pressure
machines (CPAP), bi-level positive airway pressure machines (BiPAP), extracorporeal
membrane oxygen (ECMO), oxygen cannulas, pulse oximeters, wires, and adhesives
[39,40,146,148]. Common anatomical locations for neonatal PrUs are areas of the head,
especially the occiput, seat, and foot [38,40,149,150].
Prevention and treatment for neonatal PrUs follows the same pathway as in adults,
including management of contributing factors, wound care, and adjunctive therapies. As
with adults, management of contributing factors includes the use of support surfaces,
frequent 2-4 hour repositioning, frequent diaper changes for incontinence, and, in the
case of EFA, zinc, or arginine deficiencies or failure-to-thrive, enteral or parenteral
nutritional supplementation [40,139,151].
In the NICU, there are several different types of support surfaces, including soft
flannelette or silk sheets, sheep skin, a standard crib mattress, low air loss beds, foam
overlays, gel filled pillows, water pillows and any combination of these [38,152-154].
The majority of such support surfaces are designed for the adult population, likely due to
the larger population of adult PrUs. Low air loss beds must be artificially weighed down
so that pediatric patients artificially meet the minimum weight the control systems can
accommodate [38]. Similarly, water pillows are not purchased, but hand made by the
nursing staff using adapted irrigation or ice bags, with no standardization for construction
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or volume [152]. Several studies have found that interface pressure is minimized with the
combined use of foam and gel overlay and foam overlays alone [38,152,153].
As with adult wound care, neonatal wound care focuses on maintaining a moist
wound bed to facilitate cell migration; therefore, the wound bed is dressed with
transparent adhesive, hydrogels, and hydrocolloids (adhesive matrix with a dispersion of
gelatin, pectin and carboxy-methylcellulose that absorbs wound exudates). Petroleum
based emollients, such as Vasoline® or Aquaphor®, are the preferred oinments in order
to minimize exposure to harsh chemicals. Antibiotic ointments are minimized to
polysporin, bacitracin, and bactroban, as infants may become sensitized to ingredients in
other formulations [40].
Adjunctive therapies have not been well studied in the pediatric population,
especially outside of anecdotal case studies. Recently NPT, was shown to be an effective
wound healing accelerator in neonatal and pediatric populations with several benefits,
such as fewer dressing changes, less pain, and a secure (not easily dislodged) dressing
[155].

3.4

Neonatal Occipital PrUs
One of the most common places that neonates develop PrUs is on the posterior

skull near the occiput [38]. Current supine sleeping recommendations from the American
Academcy of Pediatrics Back to Sleep program exacerbate the tendency of PrU formation
on the occiput [152]. Important to the understanding of neonatal occipital PrUs is the
variance in neonatal head shape. The shape of a neonate¶s head can be changed via fetal
head molding due to forces of labor in the birth canal or head shaping due to positional
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preferences (e.g. supine lying, preference for one side of the head, prolonged inclined
lying in infant swings, etc.) [156,157]. Depending on the severity of head molding and
shaping, the geometry may alter a neonate¶s vulnerability to PrU development.
The cephalic index (CI) is a standard measure used to quantify head shape in
neonates. The CI is a percentage of head width to length and is therefore given by
௪ௗ௧

 ܫܥൌ ௧

(3.1)

where the width is the distance between the furthest projections on the side of the head
(biparietal eminences) and the length is the distance from the glabella to the furthest
projection of the posterior skull (eyebrows to the occiput) [158,159].
&RKHQ¶V FODVVLILFDWLRQ FUHDWHV IRXU FDWHJRULHV RI QHRQDWDO KHDG VKDSH QDPHO\
dolichocephaly (CI<75.9), mesocephaly (76>CI>80.9), brachycephaly (81>CI>85.4), and
hyperbrachycephaly (CI >85.5) [160]. Dolichocephaly (Figure 11) , more commonly
found in pre-term infants, is characterized by a narrow width and elongation in the
anterior-posterior direction, persists after discharge from the NICU, and is associated
with adverse neurodevelopment [161]. Mesocephaly is a head shape having average
width and length.
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Neonatal PrU literature does not address the affects of head shape on PrU
development. However, head shape may be a valuable indicator for PrU development as
it affects the distribution of pressure on the posterior skull.

3.5

Static Analysis of the Neonatal Skull
A static analysis of a neonatal in supine-lying position can inform future complex

models of sustained interface pressure levels. The following analysis considers the
neonatal head as mass (H) and neck as pin joint (N) at the C2-C3 cervical spine joint
[165]. The point of contact between the head and the support surface is denoted by point
A, the linear distance from the center of gravity of the head to the pin joint N is denoted
as L1, and the linear distance from the point of contact A to the pin joint N is denoted as
L2. The center of the mass of the head is taken to be at the approximate mean, 0.4 cm
anterior and 2.3 cm superior from the superior margin of the auditory meatus. Reaction
moments at the neck are assumed zero due to the lack of muscle tone characteristic of
neonates.
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Figure 13. The static analysis of supine-lying neonatal occipital interface pressure
includes the head as mass H and the neck as pin joint N. Contact at the support surface is
at point A. Reaction forces at the neck are assumed zero due to the lack of neck muscle
tone characteristic of neonates.
Assuming static loading DQG XVLQJ 1HZWRQ¶V VHFRQG ODZ RI PRWLRQ LQ WKH 
direction results in the following
σ  ܨൌܨ ܧଶ െ ݉ு ݃ܧଶ  ܰு ܧଶ ൌ Ͳ

(3.2)

σ ܯȀ ൌ ܮଵ ݉ு ݃ܧଷ െ ܮଶ ܨ ܧଷ ൌ Ͳ

(3.3)

Solving for the contact force at point A results in the following reduced form,
ܨ ൌ

భ
మ

݉ு ݃.

(3.4)

The force at point A is used to calculate interface pressure,
ଵ 

ܲ ൌ  ቀభ ݉ு ݃ቁ
మ

where A is the surface area of contact between the head and the support surface.

(3.5)
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3.6

Sensitivity Analysis
$&RWWHU¶VVHQVLWLYLW\DQDO\VLVZDVXVHGWRGHWHUPLQHthe sensitivity of the pressure

function to each input by considering the functional relationship and range of each
parameter. &RWWHU¶VPHWKRGDOVRFDOOHGWKHV\VWHPLFIUDFWLRQDOUHSOLFDWHGHVign method is
a two level factorial design that requires ʹ݊  ʹ simulations to analyze ݊ factors of
interest. The range for each parameter of interest is used to assign the maximum and
minimum values as the upper (+1) and lower (-1) values respectively. The ʹ݊  ʹ trials
consist of (i) one trial with all factors at the lower level, (ii) ݊ trials with each factor in
turn raised to its upper lever while the others remain low, (iii) ݊ trials with each factor in
turn decreased to its lower level while the others remain high, and (iv) one trial with all
factors at the upper level [166-168].

Table 3([DPSOHRIWULDOVUHTXLUHGIRUD&RWWHU¶VDQDO\VLVZLWK݊ ൌ Ͷ.

Trial Number 1 2 3 4 5 6 7 8 9 10
y1 y2 y3 y4 y5 y6 y7 y8 y9 y10
Output

x1
x2
x3
x4

-1 +1 -1 -1 -1 -1 +1 +1 +1 +1
-1 -1 +1 -1 -1 +1 -1 +1 +1 +1
-1 -1 -1 +1 -1 +1 +1 -1 +1 +1
-1 -1 -1 -1 +1 +1 +1 +1 -1 +1

Using the output of each trial, the contrasts for estimating the effects of the ݆ ௧
M «np) parameter on the output yi are defined as
ଵ

ܥ ሺ݆ሻ ൌ ସ ቂቀݕ൫ଶ ାଶ൯ െ ݕ൫ା ାଵ൯ ቁ  ሺݕሺାଵሻ െ ݕሺଵሻ ሻቃ

(3.6)
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ଵ

ܥ ሺ݆ሻ ൌ ସ ቂሺݕ൫ଶ ାଶ൯ െ ݕ൫ା ାଵ൯ ሻ െ ሺݕሺାଵሻ െ ݕሺଵሻ ሻቃ

(3.7)

The parameters are ordered using the measure, defined by,
ܯሺ݆ሻ ൌ ȁܥ ሺ݆ሻȁ  ȁܥ ሺ݆ሻȁ

(3.8)

DQGQRUPDOL]HGWRWKH&RWWHU¶VVHQVLWLYLW\LQGLFHV
ܵሺ݆ሻ ൌ

3.7

ெሺሻ


σೕసభ ெሺሻ

(3.9)

Results and Discussion
The derived relationship for occipital-support surface interface pressure is a

function of contact area, head mass, and the ratios of center of gravity to C2-C3 and the
point of contact A to C2-C3. The neonatal population was subdivided into term neonates
(>37 weeks gestational age (GA)), premature neonates (24-36 weeks GA), and
micropremature neonates (<24 weeks GA). A sensitivity analysis with four parameters of
interest (Table 4) was completed for each subdivision (Figure 14, Figure 15, and Figure
16) [169-175].
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Table 4. Ranges for each parameter of interest within each GA subdivision.
Parameter
Low
High References
of Interest
micro-Premature
(<24 weeks GA)

m (kg)

0.09

0.18

[187-192]

L1 (m)

0.006

0.008

--

L2 (m)

0.009

0.015

--

A (m^2)
m (kg)

Premature
(24-36 weeks GA)

[193]
[187-192]

L1 (m)

0.01

0.04

--

L2 (m)

0.01

0.07

--

A (m^2)
m (kg)

Full Term
(>37 weeks GA)

1.86E-07 7.65E-07
0.09
0.84

2.00E-07 3.70E-06
0.49
1.1

[193]
[187-192]

L1 (m)

0.03

0.05

--

L2 (m)

0.05

0.1

--

A (m^2)

1.00E-06 5.00E-06

[193]

Figure 14&RWWHU¶VVHQVLWLYLW\LQGLFHVIRURFFLSLWDOLQWHUIDFHSUHVVXUHRIPLFURSUHPDWXUH
(<24 weeks GA) neonates. Head mass followed by contact area are the sensitive
parameters.
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Figure 15&RWWHU¶VVHQVLWLYLW\LQGLFHVIRUoccipital interface pressure of premature (24-36
weeks GA) neonates. Contact area followed by head mass are the most sensitive
parameters.

Figure 16&RWWHU¶VVHQVLWLYLW\LQGLFHVIRURFFLSLWDOLQWHUIDFHSUHVVXUHRIWHUP !ZHHNV
GA) neonates. Head mass followed by contact area are the most sensitive parameters.

Head mass and contact area were sensitive parameters for neonates of each GA
group. There are no significant differences in parameter sensitivity between the groups.
Head mass and contact area are both parameters that may be addressed in the design of
protocols and devices to prevent neonatal PrUs. While the issue of head mass cannot be
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directly addressed, it may be addressed indirectly by inclining the neonate to reduce the
normal force, although this type of positioning may induce shear stresses. The contact
area will vary greatly depending on both GA and the head shape (quantified by CI) of the
neonate. For example, a dolichocephalic neonate might experience much higher normal
stresses due to the decreased contact area of the head elongated in the anterior-posterior
direction; whereas, a brachycephalic neonate might have greatly reduced stresses as the
flattened posterior skull distributes more load. Moreover, a better understanding of
neonatal head shape and geometry via patient-specific imaging may inform the design of
a support surface or positioning that optimally reduces interface pressure.
Finally, although L1 and L2 are not sensitive parameters, the ratio of L1 and L2 could
potentially be a mechanism for assessing PrU risk in neonates similar to the CI. For
example, a brachycephalic neonate with elongation of the biparietal breadth and
shortening in the anterior-posterior direction. This implies that L2 is shortened, thus
increasing the interface pressure. There is potential for the development of acceptable
ranges of

భ
మ

such that PrU risk may be efficiently assessed.
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CHAPTER 4. QUASI-STATIC MIXTURE THEORY

4.1

Introduction
Modeling has been a critical component in the efforts to fully understand PrU

etiology. Decades of PrU modeling have resulted in simulations that have evolved with
state-of-the-art computing methods from highly simplified linear mathematical models to
dimensional analysis to mixture theory, and finally to finite element and agent-based
modeling [18,19,59,63,176-187].
PrU modeling has focused on different aspects of PrU etiology over time, including
tissue hydrostatic pressure, shear stresses, impaired microcirculation, hypoxia,
reperfusion injury, compromised interstitial transport processes, and compromised
lymphatic return [59]. Some of the most basic models qualitatively address these factors
using pressure-time threshold curves, such as those developed by Reswick and Rogers
[18] and Kosiak [188]. Likewise, Sacks [19] developed a theoretical prediction of a
pressure-time threshold curve using dimensional analysis, resulting in an exponential
ర

relationship between pressure (p) and time (t), ି ݐߙయ .
While interface skin-support surface pressure measurements have often been used
in an attempt understand pressure-time thresholds, PrU may or may not begin at this
interface but deep within the cutaneous and subcutaneous tissues. For this reason, both
the form and significance of the hydrostatic pressure term have often been debated. The
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relationship between externally applied pressure and interstitial fluid pressure has been
shown to be non-linear. The magnitude of interstitial fluid pressure is generally less than
the externally applied pressure [63,189,190].
Two- and three-dimensional estimations of stress distributions have been obtained
using finite element models. These models are often used to inform support surface
design. Chow and Odell (1978) developed a 3D finite element model of the buttocks that
both demonstrated the importance of interface shear on pressure and showed that tissue
distortion was greatest internally as opposed to superficially, suggesting a different
tolerance to pressures in skin, fat, and muscle tissue [176,191]. Reger et al. (1990)
estimated tissue deformation and stiffness using MRI images of the buttocks of
paraplegics and non-paraplegics noting a significant difference [192]. Makhsous (2007)
developed a 3D buttock model that derives geometry from patient-specific MRIs [183].
Shaked (2013) studied microclimate effects, specifically moisture-content-related
coefficient of friction changes and its effect on interface pressure using a 2D finite
element model [184].
Despite the fact that many contributing factors of PrU etiology are transport related,
few models address fluid flow. Mak et al. [59] developed a biphasic poroelastic model of
skin and subcutaneous tissues that studied the biomechanical response of such tissues to
tissue fluid flows under varying loading conditions. Key results showed hydrostatic
pressure build-up in the tissue along with tissue compaction as fluid gradually moves
away from the compacted area [59]. Shilo and Gefen [193] studied the collapse of
straight, U-shaped, and bifurcated capillaries using an inverse finite element method. It
was determined that low capillary blood pressure increased the likelihood of capillary
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collapse, especially when combined with external loading. These results offer some
insight into the compressive strain at which capillary occlusion occurs.
Mixture theory has successfully been applied to many biological tissues, including
articular cartilage, aortic tissues, intervertebral disks, cortical bone, and ventricular
tissues [59,178,179,194-197]. PrU mixture theory modeling often draws on foundational
models of articular cartilage developed by van Mow [178]. Oomens developed an
incompressible, biphasic model for the mechanics of skin using non-linear material
models [179]. Mak et al developed an incompressible, biphasic poroelastic model of skin
and subcutaneous tissue using linear elastic materials to observe fluid flow and tissue
compaction [59].
Although the individual constituents may be assumed incompressible because they
are structures at the microscale, the cutaneous and subcutaneous tissues as a whole are
allowed to undergo changes in volume via the exudation of fluids. Skin tissue
deformation is largely regarded as non-linear. Therefore, incompressible models relying
on linear elastic materials may be limited in predictive capability. To demonstrate, both
linear elastic and hyperelastic neo-hookean incompressible models were developed under
quasi-static loading conditions and calibrated using in vivo compression data.

4.1.1

Linear Elastic Materials

For a biphasic, homogeneous mixture composed of a solid constituent (s) extracellular
matrix and a fluid constituent (f) interstitial fluid, the solid constituent is defined by the
position of a solid particle, ݔ , at time t in terms of the reference configuration of the
particle, ܺ , as follows
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ݔଵ ൌ ߣଵ ܺଵ
൝ݔଶ ൌ ߣଶ ܺଶ
ݔଷ ൌ ߣଷ ܺଷ

(4.1-4.3)

Assuming unconfined compression, ߣଵ ൌ ߣଶ ൌ ͳ , and the solid deformation gradient
reduces to
ͳ
 ܨൌ Ͳ
Ͳ

Ͳ Ͳ
ͳ Ͳ ൩.
Ͳ ߣଷ

௦

(4.4)

The Cauchy stresses,ܶ ఈ , are defined as

ܶ ݏൌ െ߮  ݏ ߮ ݏሺߣ  ʹߤሻߝ
݂

൞ܶ ൌ െ݂߮ 
ܶ

ݏ

ܶ ൌܶ ܶ

(4.5-4.7)
݂

where İ is the tissue strain, the solid constituent volume fraction, ߮ ௦ ǡ is determined by
߮௦ ൌ

ఝబೞ

(4.8)

ೞ

and the mixture is subject to the constraint σఈ ߮ ఈ ൌ ͳ. Enforcing a zero stress state and
considering ሺߣ  ʹߤሻ to be an aggregate modulus,ܪ , the final form of solid Cauchy
stress is
ܶ௦ ൌ

ఝబೞ
ఒ

ܪ ߝ.

(4.9)

Calibration with in vivo experimental data collected by Bader [48] via planeended cylindrical indention tests of the anterior forearm on a fixed surface (Appendix A)
results in a root mean squared error (RMSE) of 3.09kPa and an aggregate modulus of
31.65kPa.
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Figure 17. Calibration of the biphasic mixture model with incompressible linear elastic
(ILE) solid constituent resulted in an ܴ ܧܵܯൌ ͵ǤͲͻ݇ܲܽ and an aggregate modulus,
ܪ ൌ ͵ͳǤͷ݇ܲܽ. The linear elastic model is limited in predictive capabilities to the linear,
low strain region.

4.1.2

Hyperelastic, Neo-Hookean Materials
For a biphasic, homogeneous mixture composed of a solid constituent (s)

extracellular matrix and a fluid constituent (f) interstitial fluid, the hyperelastic, neohookean solid constituent is defined by the position of a solid particle, ݔ , at time t in
terms of the reference configuration of the particle, ܺ , as follows
ݔଵ ൌ ߣଵ ܺଵ
ݔ
൝ ଶ ൌ ߣଶ ܺଶ
ݔଷ ൌ ߣଷ ܺଷ

(4.10-4.12)
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Assuming unconfined compression, ߣଵ ൌ ߣଶ ൌ ͳ , and the solid deformation gradient
reduces to
ͳ
 ܨൌ Ͳ
Ͳ

Ͳ Ͳ
ͳ Ͳ ൩.
Ͳ ߣଷ

௦

(4.13)

The Cauchy stress is defined as

ܶ ݏൌ െ߮  ݏ ߮ݏܤܩ ݏ
݂

൞ܶ ൌ െ݂߮ 
ܶ

ݏ

ܶ ൌܶ ܶ

(4.14-4.16)
݂

where ܩis tissue shear modulus, the solid constituent volume fraction, ߮ ௦ ǡ is determined
y the initial constituent volume fraction and the Jacobian, ߮ ௦ ൌ

ఝబೞ
ೞ

and  ܬ௦ ൌ ൫ ܨ௦ ൯ ൌ

ᆋ , and the left Cauchy-Green tensor is
ͳ Ͳ Ͳ
 ܤൌ  ܨܨൌ Ͳ ͳ Ͳ ൩
Ͳ Ͳ ߣଶଷ
௦

்

(4.17)

Enforcing a zero stress state condition requires that hydrostatic pressure is set to a
constant, ߮ ௦ ܩ, resulting in the following form for Cauchy stress
ܶ ௦ ൌ െ߮ ௦  ܩ ߮ ௦ ߣܩଶଷ .

(4.18)

Calibration with in vivo experimental data collected by Bader [48] via planeended cylindrical indention tests of the anterior forearm on a fixed surface results in an
RMSE of 5.91kPa and a shear modulus of 3.83kPa.
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Figure 18. Calibration of the biphasic mixture model with an incompressible hyperelastic
neo-hookean (INH) solid constituent resulted in an ܴ ܧܵܯൌ ͷǤͻͳ݇ܲܽ and a shear
modulus, Gൌ ͵Ǥͺ͵݇ܲܽ. The incompressible, hyper elastic model cannot alone accurate
predict in vivo tissue deformation.

While the incompressible linear elastic model provides very limited predictive
capabilities within low strains, the incompressible Neo-Hookean model fails to predict
the in vivo tissue deformation all together. Although skin tissue has often been treated as
incompressible, as a whole the continuum is allowed to undergo volume changes via the
exudation of fluids, including interstitial fluid and blood.

Despite the fact that capillary occlusion is widely regarded as a primary factor in
PrU etiology, a model has yet to be developed that isolates blood as a constituent. This
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study introduces a compressible, triphasic, quasi-static mixture theory model of
cutaneous and subcutaneous tissues towards a better model of tissue stress state and fluid
flow in load bearing tissues.
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the pressurized region to reach
a given portion of its initial
volume
Pressure-time guideline for PrU
formation

Predominate mechanism for
creep and stress relaxation is
diffusional drag between
interstitial fluid wrt solid matrix

Material, geometric, and
loading paramters effect of
transient biomechanical
response, hydrostatic pressure
build up and subsequent tissue
compaction

A structural approach to
modeling constitutive
equations of fibrous tissue

3D stress state in the buttocks
that can be determined for
different loading conditions or
deformation, tissue distrotion
is more severe internally and
interface shear is the
predominant factor in pressure
distribution

Results/Findings

Table 5. Foundational models of PrU etiology. * Denotes models of articular cartilage that, although not directly related to PrUs,
are heavily cited within PrU modeling literature.
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Major Assumptions

Weight-bearing bony
prominence

Linear elastic

2D Finite Element

Shaked (2013)

Ziraldo (2013)

Stern (2013)

Solovyev (2013)

60 mm length isotropic,
of tissue layer incompressible

Buttock-thigh

Mooney-Rivlin,
incompressible

3D Finite Element

Makhsous (2007)

epithelial cells,
macrophages,
blood vessels,
Hybrid Equation (ODE) pro-inflammatory cytokine Skin
Agent Based Model
agent,
anti-inflammatory cytokine,
oxygen
neutrophils
macrophages
Agent Based Model
Skin
epithelial cells
blood vessels
blood vessels
Agent Based Model
Skin
macrophages
tissue cells

MRI

Skin

Mooney-Rivlin,
incompressible,
isotropic

3D Finite Element

Hung (2009)**

NA

NA

NA

Axisymmetric

NA

NA

Input(s)

temperature
humidity
pressure
shear

patient-specific ultra
sound/MRI,
material properties

Pressure

Pressure

Cyclic Pressure

material properties,
loading condition

Seated position

isotropic, non-linear, large
calcium concentration
deformation,
(muscle contraction)
homogeneous

NA

four layers

small contact
steady state microclimate
region

Weight-bearing body site

NA

homogeneous,
isotropic,
elastic,
frictionless contact

Linear Analytical

Buttocks

4mm
cylindrical
radius

Anatomical Location Geometry

Gefen (2011)

Linear elastic

Material Model(s)

Hertz Contact Theory

Model Type

Agam (2008)

Author (Year)

Current State of Pressure Ulcer Modeling
Results/Findings
portabale patient-specific real time pressure
monitoring

epithelial cells,
macrophages,
blood vessels,
pro-inflammatory cytokine
agent,
anti-inflammatory cytokine,
oxygen
neutrophils
macrophages
epithelial cells
blood vessels
blood vessels
macrophages
tissue cells

Effective stress,
shear stress

von Mises stress
displacement

Deformation

control points to reduce stress determined for
SCI and control group patients

tissue-realistic mechanistic models of PrU
formation with the potential to be used as
diagnostic tool

predicted higher propensity for PrU in SCI
patients than in the control group

aged skin wrinkled more easily, large adipose
layers prohibited wrinkling, wrinkle density is
higher on thin skin, and inhomogeneity should
be considered
validated, 3D buttock model with realistic
boundary and loading conditions
stress increases as moisture-content-related
COF between skin and support surface
increases and become more prominent in stiff
skin

increase in skin temp, ambient temp, relative
Dimensionless time for skin
humidity, contact pressurs, and decrease in
breakdown
permeability decrease skins tolerance to PrUs

stress level

Output(s)

Table 6. Current state of PrU modeling. ** Denotes a layered skin model developed for the animation industry.
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4.2

Theory
In order to describe the mechano-physiological processes of load-bearing human

cutaneous and subcutaneous tissue, a mixture theory based model is developed and
interfaced with uniform and modified Hertzian contact mechanics input. Human skin
tissue is a complex system, composed of several distinct layers (epidermis, dermis, and
hypodermis) and structures (follicles, vasculature, sebaceous glands, etc.). Each layer
contains many different components including collagen and elastin in a gel continuum of
mucopolysaccharides with a principle mass of collagen [40]. Previous models of loadbearing skin tissue typically consider biphasic continua with a single solid and single
fluid component, such that all fluids are lumped into the fluid constituent [59]. For the
purposes of this study, along with the solid extracellular matrix (ECM) constituent, two
fluids will be considered, interstitial fluid (IF) and blood. Therefore, the three
constituents of the triphasic mixture are extracellular matrix (s), interstitial fluid (f), and
blood (b). The tissue is assumed to be compressible, homogeneous, and isotropic and is
subjected to quasi-static loading.
Each constituent is regarded as a continuum having its own properties, kinematics,
and balance laws. As such, each constituent has its own mass, volume, apparent, and true
density, ܯఈ , ܸ ఈ , ߩఈ and ߩ்ఈ , where ߙ ൌ ݏǡ ݂ǡ ܾǤ Apparent density and true density are
related by the volume fraction, ߮ ఈ such that ߩఈ ൌ ߮ ఈ ߩ்ఈ . The volume fraction of each
constituent is given by ߮ ఈ ൌ ܸ ఈ Ȁܸ such that at any given time σఈ ߮ ఈ ൌ ͳǤ
The governing equations for mixture theory are the balance of mass and the
conservation of linear momentum. The general form of the balance of mass is

51
 ഀ ఘഀ
௧

 ߩఈ  ή  ݒఈ ൌ ݍො ఈ

where

ഀ
௧

ൌ

డ
డ௧

(4.19)

డ

 డ௫ ݒఈ is the material derivative, ఈ is the velocity of the Į-constituent


and ݍො ఈ ൌ ߩ்ఈ ݎƸ ఈ is the rate of mass production per unit volume. The general form of the
conservation of linear momentum is
ߩఈ

 ഀ ഀ
௧

ൌ  ή ܶ ఈ  ߩఈ ܾ ఈ  ߨ ఈ

(4.20)

where ܶ ఈ is the Cauchy stress tensor, ܾ ఈ s body force, and ߨ ఈ is the inter-constituent
interaction term.
Assuming quasi-static deformation, zero mass production, and zero body forces
the balance of mass and conservation of linear momentum become
ߩఈ ή  ݒఈ  ߩఈ  ή  ݒఈ ൌ Ͳ

(4.21)

and
ɏ  ݒఈ ή  ݒఈ ൌ  ή ܶ ఈ  ߨ ఈ

(4.22)

The general forms for the balance of mass and conservation of linear momentum of the
three constituent mixture are therefore
 ߩ௦ ή  ݒ௦  ߩ ௦  ή  ݒ௦   ߩ ή  ݒ  ߩ   ή  ݒ  ߩ ή  ݒ  ߩ  ή  ݒ ൌ Ͳ
ɏୱ  ݒ௦ ή  ݒ௦ ൌ  ή ܶ ௦  ߨ ௦
ቐ ɏ  ݒ ή  ݒ ൌ  ή ܶ  ߨ 
ɏୠ  ݒ ή  ݒ ൌ  ή ܶ   ߨ 

(4.23)

(4.24-4.26)
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4.2.1

Geometry and Quasi-Static Deformation
Consistent with existing models of load-bearing skin, the skin and all of its layers

and structures are considered together in a lumped model including the epidermis, dermis,
and hypodermis. The epidermal layer, bounded by the superior stratum corneum layer, is
considered impervious and the muscle layer is assumed to be the fixed inferior base. The
reference coordinate system is placed at the surface of the muscle tissue (Fig 23).

Figure 19. Cross section of cutaneous and subcutaneous tissue with the reference
coordinate system at the superior surface of the fixed muscle tissue. Loading is assumed
to be primarily in the inferior E3 direction.
For loading in the superior-inferior  direction, the deformation of the solid
constituent is derived as follows
 ݏ ͳݔൌ ܺͳ  ݏെ ߟߝ͵ ܺͳ ݏ
ቐ ݏ ʹݔൌ ܺʹ  ݏെ ߟߝ͵ ܺʹ ݏ
 ݏ ͵ݔൌ ܺ͵  ݏ ߝ͵ ܺ͵ ݏ

(4.27-4.29)
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where ܺ ௦ describes the reference configuration and ݔ ௦ describes the current
configuration. The expansion ratio, ߟ, accounts for Poisson-like effects in the  and 
directions. The macroscopic strain, ߝଷ ሺߝ ሻ, is prescribed.
For an axisymmetric analysis, a coordinate transformation from cartesian to
cylindrical coordinates is necessary. The transformation results in the following form for
solid deformation
 ݏݎൌ ܴ ݏሺͳ െ ߟߝܼ ሻ
ቐߠ ݏൌ  ߆ݏ
 ݏݖൌ  ܼ ݏሺͳ  ߝܼ ሻ

(4.30-4.32)

where ሾܴ ௦ ǡ ߆ ௦ ǡ ܼ ௦ ሿ describe the reference configuration and ሾ ݎ௦ ǡ ߠ ௦ ǡ  ݖ௦ ሿ describe the
current configuration of the solid constituent. The resultant deformation gradient in terms
of displacement, ݑ , is dependent on the prescribed strain [198]
డ௨ೃ

 ͳۍ డோ
ێ
  ܨൌ  ܫ  ݑൌ Ͳ ێ
 ێడ௨ೋ
 ۏడோ

డ௨ೃ

Ͳ
ͳ
Ͳ

௨ೃ
ோ

ې
Ͳ ۑۑ
డ௨ ۑ
ͳ  డೋے
డ

(4.33)

where the displacement is defined by
ݑோ ൌ  ݎ௦ െ ܴ ௦ ൌ െߟߝ ܴ ௦

(4.34)

ݑ௭ ൌ  ݖ௦ െ ܼ ௦ ൌ ߝ ܼ ௦

(4.35)

The Cauchy stress tensors for each constituent are described as follows

ܶ ݏൌ െ߮ ܫ ݏ ߮ܶ ݏ

ݏ

൞݂ܶ ൌ െ݂߮ ܫ

(4.36-4.38)

ܾ

ܶ ൌ െܾ߮ ܫ
where  is the hydrostatic tissue pressure, ܶ ௦ is the compressible neo-hookean solid
constitutive equation
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ܶ ௦ ൌ ߢ ܬ௦ ሺ ܬ௦ െ ͳሻ ܫ

ఓ
మ
ೞ ൗయ

݀݁ݒሺ ܤ௦ ሻ

(4.39)

and the total Cauchy stress is
ܶ ் ൌ ܶ ௦ ܶ  ܶ  ൌ െ ܫ ߮ ௦ ܶ ௦ .

(4.40)

In the equations above, ț is the tissue bulk modulus, ߤ is the tissue shear modulus,
 ܤ௦ is the left Cauchy-Green deformation tensor, and the deviatoric component of  ܤ௦ is
డ௨

ଶ

ೃ
 ۍቀͳ  డோ ቁ
ێ
 ܤ௦ ൌ  ் ܨܨൌ ێ
Ͳ
ێ
 ێడ௨ೋ
డ௨ೃ
ۏቀ డோ ቁ ቀͳ  డோ ቁ

Ͳ
ቀͳ 

௨ೃ ଶ
ோ

ቁ

Ͳ

డ௨ೃ

డ௨

ቁ ቀ డோೋቁ ې
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ۑ
Ͳ
ۑ
డ௨ೋ ଶ
డ௨ೋ ଶ ۑ
ቀ డோ ቁ  ቀͳ  డ ቁ ے
ቀͳ 

డோ

(4.41)

ଵ

݀݁ݒ൫ ܤ௦ ൯ ൌ  ܤ௦ െ ଷ ܫଵ ൫ ܤ௦ ൯ܫ

(4.42)

The resulting form of the Cauchy stress tensor in the loading direction, EZZ, can be
derived as such
ܶ ൌ െ ܫ ߮ ௦ ߢ ܬ௦ ሺ ܬ௦ െ ͳሻ ܫ
ቀͳ 

௨ೃ ଶ

డ௨

ଶ

ቁ  ቀ డோೋቁ  ቀͳ 
ோ

ఝೞ ఓ
మ
ೞ ൗయ

డ௨ೋ ଶ
డ

ቁ ቃൠ.

൜ቀ

డ௨ೋ ଶ
డோ

ቁ  ቀͳ 

డ௨ೋ ଶ
డ

ଵ

ቁ െ ቀͳ 
ଷ

డ௨ೃ ଶ
డோ

ቁ 

(4.43)

Two different strain inputs were considered for the purposes of calibration,
uniform strain and the Hertzian form of contact between a rigid, flat-ended cylinder
indenter with an elastic half space. The final form for the Cauchy stress is dependent on
the strain input.
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4.2.1.1 Uniform Strain Input
Assuming the strain beneath the indenter is uniform, a strain in the EZ direction of
the form ߝ ൌ െߛ is considered. The resulting deformation gradient in the form of
Equation (4.24) above is
  ܨൌ  ܫ  ݑൌ 

ͳ െ ߟߝ
Ͳ
Ͳ

Ͳ
ͳ െ ߟߝ
Ͳ

Ͳ
Ͳ ൩
ͳ  ߝ

(4.44)

where the Jacobian,  ܬ௦ ൌ ൫  ܨ൯ ൌ ሺͳ  ߝ ሻሺͳ െ ߟߝ ሻଶ . The total Cauchy stress is
therefore given by
்
ܶ
ൌ െ  ߮ ௦ ߢ ܬ௦ ሺ ܬ௦ െ ͳሻ 

ఝೞ ఓ
మ
ೞ ൗయ

ଵ

ቄሺͳ  ߝ ሻଶ െ ଷ ሾʹሺͳ െ ߟߝ ሻଶ  ሺͳ  ߝ ሻଶ ሿቅ.

(4.45)

4.2.1.2 Hertzian Contact
The strain profile beneath the indenter is assumed to be similar to the pressure profile
characteristic of Hertz theory contact between a rigid, flat-ended cylindrical indenter and
an elastic half-space. This results in a strain profile in the EZ direction of the form
ି

ோమ

భ
మ

ߝ ൌ െߛ ቀͳ െ మ ቁ . The resulting deformation gradient in the form of Equation (4.24)
above is
ͳ െ ߟߝ
Ͳ

  ܨൌ  ܫ  ݑൌ ൦

ିఊோ
మ

ோమ

ି

ቀͳ െ మ ቁ
௦

య
మ

Ͳ
ͳ െ ߟߝ

Ͳ
Ͳ

Ͳ
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where the Jacobian,  ܬൌ ൫ ܨ൯ ൌ ቆͳ െ ߟߝ 
The total Cauchy stress is therefore given by

൪

ఎఊோ మ
మ

(4.46)

ோమ

ି

య
మ

ቀͳ െ మ ቁ ቇ ሺͳ െ ߟߝ ሻሺͳ  ߝ ሻ .
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(4.47)

4.2.1.3 Derivation of Hydrostatic Pressure
The hydrostatic pressure term may be derived by applying a boundary condition
modified from Reddy [63] on the transverse Cauchy stress. It may be assumed that the
total Cauchy stress in the ERR direction at a distance ܴ away from the axis of the
indenter is equal to hydrostatic interstitial fluid pressure,  ,
்
ܶோோ
ൌ െ

(4.48)

and
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(4.49)

At ܴ ൌ ܴ , the tissue is underformed ( ܬ௦ ൌ ͳ and ߝ ൌ Ͳ) and substituting Equation
(4.48) into (4.49) reduces to  ൌ  . The hydrostatic pressure is shown to be equal to the
initial hydrostatic interstitial fluid pressure of the tissue for quasi-static loading
conditions.

4.3

Methodology

4.3.1

Model Calibration
Both forms of strain input, uniform strain and Hertz theory type strain, were

calibrated using in vivo, adult human experimental data published by Bader et. al [48]
(Appendix A).
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Two model parameters require calibration, the tissue bulk modulus, ț, and shear
modulus, µ. Inputs parameters to the calibration include hydrostatic interstitial fluid
pressure ( ), initial tissue solid volume fraction (߮ ௦ ), expansion ratio (ᆇ), and tissue
thickness (H). Ranges for hydrostatic fluid pressure and initial tissue solid volume
fraction were found in literature (Table 7). The expansion ratio was allowed to vary from
0-0.5, as is consistent with other pressure ulcer models that take into consideration the
Poisson-like effect [59].

Table 7. Mean (range) tissue parameters required for model calibration.

4.3.2

Parameter

Mean (Range)

Reference

Dermal
Thickness
[mm]

1.1 (0.9-1.3)
1.2 (0.625-1.69)

[199]
[200]

Hypodermal
Thickness
[mm]

3.7 (1.4-8.9)
5.1 (3.55-6.66)

[201]
[202]

Interstitial
Fluid
Pressure
[Pa]

-40
-120
(-266-266)

[203]
[204]
[205]

Initial Solid
Volume
Fraction

(0.096-0.166)
0.17

[206]
[207]

Sensitivity Analysis
$&RWWHU¶VVHQVLWLYLW\DQDO\VLVZDVXVHGWRGHWHUPLQHWKHUHODWLYHVHQVLWLYLW\RIWKH

model output (shear modulus) to respective inputs. The methodology followed that of
section 3.6.
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4.4

Results

4.4.1

Model Calibration
Two compressible models were calibrated: one with a uniform strain input (CNH-

U) and a second with strain of the form of Hertz contact for a rigid, cylindrical indenter
and an elastic half-space (CNH-Hertz). In the case of the Hertz contact form, the strain
profile at the tissue surface was assumed to be equivalent to the pressure profile for
elastic Hertz contact. For comparison, the previously calibrated incompressible linear
elastic (ILE) and incompressible neo-hookean (INH) models are also included.

0
-5

Stress [kPa]

-10
-15
-20
Bader in vivo Experimental Data
ILE
INH
CNH-Hertz
CNH-U

-25
-30
-35

0

0.2

0.4

0.6

0.8

1

Stretch [m/m]
Figure 20. Calibrated models demonstrate a distinct difference between the predictive
capabilities of incompressible versus compressible models of in vivo tissue deformation.
ILE provides limited predictive capabilities at low strains, while INH fails to predict
deformation all together. CNH-U and CNH-Hertz predict the deformation well, although
RMSE was minimized slightly more with CNH-Hertz (0.209) than CNH-U (0.210).
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0

Stress [kPa]

Stress [kPa]

0
-10
-20
-30
ILE
-40

0

0.5

-10
-20
-30
INH
-40

1

0

Stretch [m/m]
0

Stress [kPa]

Stress [kPa]

1

Stretch [m/m]

0
-10
-20
CNH-U
-30

0.5

0

0.5

Stretch [m/m]

1

-10
-20
CNH-Hertz
-30

0

0.5

1

Stretch [m/m]

Figure 21. Calibrated models demonstrate a distinct difference between the predictive
capabilities of incompressible versus compressible models of in vivo tissue deformation.
ILE provides limited predictive capabilities at low strains, while INH fails to predict
deformation all together. CNH-U and CNH-Hertz predict the deformation well, although
RMSE was minimized slightly more with CNH-Hertz (0.209) than CNH-U (0.210).
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Table 8. Calibration results for incompressible linear elastic (ILE), incompressible neohookean (INH), compressible neo-hookean with uniform strain (CNH-U), and
compressible neo-hookean with Hertzian-type strain (CNH-Hertz).

4.4.2

Parameter

ILE

INH

CNH-U

CNH-Hertz

Expansion
Ratio

NA

NA

0.5

0.5

Aggregate
Modulus
[kPa]

31.65

--

--

--

Bulk
Modulus
[kPa]

--

--

230

227.7

Shear
Modulus
[kPa]

--

3.83

0.66

1.04

RMSE [kPa]

3.091

5.910

0.210

0.209

Sensitivity Analysis
The expansion ratio (ᆇ) was found to be the most sensitive input parameter for

each different strain profile model. For the CNU-Hertz model, the tissue thickness (H), an
input unique to this model, was nearly a sensitive parameter.
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Cotter's Sensitivity Index
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Phi0_s
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Figure 22. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHCNU-U calibration model with shear
modulus (µ) as the output parameter. The dashed line represent 1/np and any sensitivity
index that falls above this line is considered a sensitive parameter. Expansion ratio (ᆇ) is
the only sensitive parameter.
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Cotter's Sensitivity Index
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Figure 23. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHCNU-Hertz calibration model with shear
modulus (µ) as the output parameter. The dashed line represent 1/np and any sensitivity
index that falls above this line is considered a sensitive parameter. Expansion ratio (ᆇ) is
the only sensitive parameter; however, the skin thickness (H), an input unique to the
Hertz model, is nearly a sensitive parameter.
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4.5

Discussion
The CNU-Hertz model calibration results for shear modulus were on the same

order of magnitude as in literature; whereas, the CNU-U fell just one order of magnitude
below literature values. The calibrated bulk modulus was much greater than the shear
modulus, which is expected for highly deformable soft tissue [176].
The expansion ratio (ᆇ), which models Poisson-like effects in the tissue, is the
most sensitive parameter in both models. Poisson ratio is the ratio of transverse to axial
strain for small, linear elastic deformations. Poisson ratios are typically between 0-0.5,
with a perfectly incompressible material having a Poisson ratio of 0.5. Soft tissues
characteristically exhibit large, non-linear deformations. Therefore, the expansion ratio (ᆇ)
is incorporated to model Poisson-like effects during large, non-linear tissue deformation.
Neither Poisson ratio nor expansion ratio are well understood for skin tissue. However,
Poisson ratios between 0.25-0.85 have been reported despite skin deformation failing
outside of the small, linear deformation requirement of Poisson [208]. Due to both the
CNU-U and CNU-Hertz sensitivity to expansion ratio, additional experimental data
would be ideal to better elicit the value for the expansion ratio characteristic of large,
non-linear soft tissue deformations.
Unique to the CNU-Hertz model is dependence on and apparent sensitivity to skin
tissue thickness (H). Skinfold thickness is extremely age, gender, and site specific [58].
Skinfold measurements can be taken many different ways, including via calipers, x-ray
imaging, or ultrasound imaging. The most easily accessible and referenced skinfold
measurement is taken via Harpenden calipers, in which an assumed uniform pressure is
applied as the calipers grip a skinfold. The resulting measurement is halved to yield
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skinfold thickness that includes epidermal, dermal, and hypodermal layers. Harpenden
calipers offer a non-invasive, economical measurement of skin tissue thickness. But
given the sensitivity of the model to skin thickness and the site, age, and gender
dependence of skin thickness, measurements acquired via imaging analysis at the PrU
location might be preferred. Moreover, with stress held constant, strain is underestimated
with a thicker tissue. Inaccuracies in the tissue thickness parameter could lead to direct
inaccuracies in stress-strain estimations.
Data for the bulk modulus and shear modulus of neonatal human tissue is nonexistent within literature. This is a setback in predictive modeling of neonatal tissues
which could benefit not only inform models of neonatal PrUs, but also modeling of
neonatal transepidermal water loss and skin barrier function, another critical issue in
neonatal care. It is difficult to estimate a range for the neonatal bulk and shear modulus
since the models were calibrated with adult tissue experimental data. However, it is
known that the initial solid volume fraction (߮௦ ) of neonates is lower than adults [206].
Likewise, at birth, neonates have three times more interstitial fluid than adults resulting in
higher hydrostatic pressure (p0) than the adult population [209]. When the models are recalibrated using the low value for ሺ߮௦) and the high value for intitial interstitial fluid
pressure (p0), the bulk modulus increases and the shear modulus decreases. Therefore, the
calibrated tissue properties reported in this chapter represent the high value of bulk and
shear modulus within the neonatal population.
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The assumption that muscle is a rigid boundary to adipose tissue is a limitation of
the model. Although muscle stiffness is much greater than adipose, it is still undergoing
some level of tissue deformation. Further iterations of this model would benefit from the
inclusion of muscle in the tissue thickness parameter.
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CHAPTER 5. PREDICTIVE CAPABILITIES FOR THE NEONATAL
POPULATION

5.1

Introduction
Accurately determining the stress profile within cutaneous and subcutaneous

tissue plays an important role in understanding PrU etiology. Given an appropriate set of
input parameters, a known stress distribution may be used to analytically estimate the
local tissue deformation (strain). Several investigators have isolated tissue deformation as
a critical factor in PrU etiology [3,176,210-212]. Tissue deformation contributes to cell
deformation and death, capillary occlusion, and an inhibition of interstitial fluid flow
(impaired nutrient transport and lymph drainage), among other factors.
Tissue deformation has been determined using different methods. Reddy [213]
experimentally estimated linearized, 2D tissue deformation in the buttocks using a PVC
gel (skin) covering a wooden sphere (ischium bone). Similarly, Sacks [66]
experimentally estimated skin deformation under a rigid, cylindrical flat ended indenter.
More recently, tissue deformation has typically been investigated using expensive MRIbased experiments in conjunction with complex FEA models [180,183,192,214,215]. In
this chapter a two dimensional, hyperelastic, compressible analytical model is developed
for

the

prediction

of

tissue

stress

profiles

and

ultimately

tissue

strain.
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5.2

Theory
In order to predict the mechano-physiological processes of load-bearing human

cutaneous and subcutaneous tissue, the mixture theory based model developed in Chapter
4 is utilized. The model assumes the tissue to be compressible, homogeneous, and
isotropic. The tissue is subjected to non-homogeneous loading of two forms, namely
axisymmetric spherical loading (occipital PrU model) and plane strain cylindrical loading
(oxygen cannula PrU) (Figure 24).

Figure 24. Schematic of PrU prediction case studies. A.) Occipital PrUs modeled by an
axisymmetric sphere in contact with an elastic half-space of cutaneous and subcutaneous
tissue. B.) Oxygen cannula PrUs modeled by a plan strain cylinder parallel to an elastic
half space of cutaneous and subcutaneous tissue. Notice the change in skin orientation
required for modeling Case A versus Case B.

5.2.1

Axisymmetric Spherical Loading
For a case study of neonatal occipital PrUs, the occiput was modeled as an

axisymmetric, rigid spherical indenter lying on an elastic half-space of tissue. The contact
area radius was presumed to be small enough that the radius of curvature of the skin on
the skull is negligible. The strain profile at the loading surface was described using three
different models, a geometrical circular segment, Gaussian, and Hertz ± type profile.
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The solid particle position, ݔ௦ , can be described in terms of the reference
configuration, ܺ௦ , such that
 ݏ ͳݔൌ ܺͳ  ݏെ ߟߝ͵ ܺͳ ݏ
ቐ ݏ ʹݔൌ ܺʹ  ݏെ ߟߝ͵ ܺʹ ݏ
 ݏ ͵ݔൌ ܺ͵  ݏ ߝ͵ ܺ͵ ݏ

(5.1-5.3)

where ᆇ is the expansion ratio and ߝଷ is the strain profile. Applying a coordinate
transformation for the axisymmetric assumption results in a solid particle position
described by
 ݏݎൌ ܴ ݏെ ߟߝܼ ܴݏ
.
ቐߠ ݏൌ ߆ݏ
ݏ
ݏ
ݏ
 ݖൌ ܼ  ߝܼ ܼ

(5.4-5.6)

The rate of deformation tensor in cylindrical coordinates is then given by
డ௨ೃ
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(5.7)

resulting in the following equation for Cauchy stress in the loading direction
்
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(5.8)

The final form of the equation depends on the selected format for the strain profile.

5.2.1.1 Geometrical Circular Segment Strain Profile
The strain profile induced by the occiput on the surface of the skin was modeled
using the axisymmetric geometric equations for the arc of circular segment.

68

Figure 25. Geometric relations for tissue deformation d(R) due to the arc of a circular
segment.

The derived strain profile is a function of tissue thickness (H), radius of the
sphere (RS), position in R, and maximum deformation (d0) such that
ߝ௭ ൌ െ

ௗሺோሻ
ு

݀ሺܴሻ ൌ  ඥܴௌଶ െ ܴ ଶ െ ඥܴௌଶ െ ܽଶ

(5.9)
5.10)

ܽଶ ൌ ܴௌଶ െ ሺܴ௦ െ ݀ ሻଶ

(5.11)

݀ ൌ ݀ሺܴ ൌ Ͳሻ.

(5.12)

5.2.1.2 Gaussian Strain Profile
The strain profile on the surface of the skin was also modeled using a Gaussian
distribution, such that
ߝ ൌ െߛ݁

ሺ

షೃమ
ሻ
మమ

ߛ ൌ  െߝ ሺܴ ൌ Ͳሻ.

(5.13)
(5.14)

The spread of the Gaussian distribution (ı) was determined by a curve fit with the
preceeding circular segment strain profile.
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5.2.1.3 Hertzian ± Type Strain Profile
The strain profile on the surface of the skin was finally modeled using a Hertz ±
type profile. As such, the strain profile at the surface was assumed to have same profile as
Hertz theory pressure of the form
ோమ

ߝ ൌ െߛටሺͳ െ మ ሻ

(5.15)

ߛ ൌ  െߝ ሺܴ ൌ Ͳሻ

(5.16)

where the contact area radius is described by
ܽଶ ൌ ܴ௦ଶ െ ሺܴ௦ െ ߛܪሻଶ .

5.2.2

(5.17)

Plan Strain Cylindrical Loading
For a case study of neonatal oxygen cannula PrUs, the oxygen cannula was

modeled as rigid cylinder lying on an elastic half-space of tissue in plane strain. The
deformation of the cannula itself was assumed negligible. The strain profile at the loading
surface was described using three different models, a geometrical circular segment,
Gaussian, and Hertz ± type profile.
The solid particle position, ݔ௦ , can be described in terms of the reference
configuration, ܺ௦ , such that
 ݏ ͳݔൌ ܺͳ ݏ
ቐ ݏ ʹݔൌ ܺʹ  ݏെ ߟߝ͵ ܺʹ ݏ
 ݏ ͵ݔൌ ܺ͵  ݏ ߝ͵ ܺ͵ ݏ

(5.18-5.20)

where ᆇ is the expansion ratio and ߝଷ is the strain profile. The rate of deformation tensor
is then given by
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(5.21)

resulting in the following equation for Cauchy stress in the loading direction
்
ܶଷଷ
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ቄቂሺయೞ ሻଶ  ሺయೞ ሻଶ ቃ െ ଷ ቂͳ  ሺమೞ ሻଶ  ሺయೞ ሻଶ  ሺయೞ ሻଶ ቃቅ.

(5.22)
The final form of the equation depends on the selected format for the strain profile.

5.2.2.1 Geometrical Circular Segment Strain Profile
The strain profile induced by an oxygen cannula on the surface of the skin was
modeled using the plane strain geometric equations for the arc of circular segment.

Figure 26. The geometric relationships between sphere radius (Rs), contact radius (a), and
maximum indentation (do) are used to develop the geometric circular segment strain
profile function.

The derived strain profile is a function of tissue thickness (H), radius of the
sphere (Rs), position in X2, and maximum deformation (d0) such that
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ߝଷ ൌ െ

ௗሺమ ሻ

(5.23)

ு

݀ሺܺଶ ሻ ൌ  ඥܴௌଶ െ ܺଶଶ െ ඥܴௌଶ െ ܽଶ

(5.24)

ܽଶ ൌ ܴௌଶ െ ሺܴ௦ െ ݀ ሻଶ

(5.25)

݀ ൌ ݀ሺܺଶ ൌ Ͳሻ.

(5.26)

5.2.2.2 Gaussian Strain Profile
The strain profile induced by an oxygen cannula on the surface of the skin was
also modeled using a Gaussian distribution, such that
ߝଷ ൌ െߛ݁

షమ
మሻ
మమ

ሺ

(5.27)

ߛ ൌ  െߝଷ ሺܺଶ ൌ Ͳሻ.

(5.28)

The spread of the Gaussian distribution (ı) was determined by a curve fit with the
preceeding circular segment strain profile.

5.2.2.3 Hertzian ± Type Strain Profile
The strain profile induced by an oxygen cannula on the surface of the skin was
finally modeled using a Hertz ± type profile. As such, the strain profile at the surface was
assumed to have same profile as Hertz theory pressure of the form
మ

ߝଷ ൌ െߛටሺͳ െ మమ ሻ

(5.29)

ߛ ൌ  െߝଷ ሺܺଶ ൌ Ͳሻ

(5.30)

where the contact area radius is described by
ܽଶ ൌ ܴ௦ଶ െ ሺܴ௦ െ ߛܪሻଶ .

(5.31)
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Table 9. Four different functions were used to model the strain profile of the skin tissue at
the loading surface, including a uniform strain profile, an arc of a circular segment strain
profile, a Gaussian distribution strain profile, and a Hertz-type contact profile in which
the strain profile at the tissue surface was assumed to be similar to the pressure profile in
Hertz contact between a rigid body and an elastic half space.

5.3

Methods

5.3.1

Predictive Models of Occipital PrUs
Stress profile predictions for occipital PrUs (O-PrUs) were made using single

point support surface ± occiput interface pressure data measurements acquired from
literature for pre-term and term neonate groups (Table 10). The single point stress
measurement is approximated as the maximum stress value corresponding to the center
axis of deformation (ܴ௦ ൌ Ͳ). Input parameters required for the prediction are tissue
thickness (H), sphere radius (Rs), bulk modulus (ț), shear modulus (µ), and initial solid
volume fraction ሺ߮௦ ሻ. Average skin thickness for pre-term and term neonates was pulled
directly from literature (Table 10). Average sphere radius was approximated from
occipital frontal circumference data for pre-term and term neonates (Table 12). Bulk
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modulus and shear modulus were acquired from the CNH-Hertz calibration results.
Average initial solid volume fraction was assumed to be the same between each group.

Table 10. Mean (range) support surface - occiput interface pressure for pre-term and term
neonates.
GA (wks)

Pre-Term (GA <37
wks)

Term (GA > 37
wks)

Mean (Range)
Interface
Pressure [mmHg]

Support Surface Type

Ref

31
37.5
49.8
50.1
86.9
15
32 (22-58)
59
26 (13-44)
61 (36-91)

Standard crib mattress + foam overlay
Standard crib mattress + gel donut
Standard crib mattress + gel overlay
Standard crib mattress + water pillow
Standard crib mattress
Powered mattress
Gel-E-Donut Pillow
2-4 inch convoluted foam
Delta foam overlay + Gel-E-Donut pillow
Standard crib mattress

[152]
[152]
[152]
[152]

32 (13-59)

Efica low-air-loss bed

[152]

[175]
[216]

[153]
[216]
[216]
[216]
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Table 11. Mean (range) skin fold thickness measurements for pre-term and term neonates.
Skin fold measurements include epidermis, dermis, and hypodermis.
GA (wks)

Pre-Term (GA < 37wks)

Term (37 wks > GA > 40
wks)

Anatomical
Location

Gender

Mean (Range)
Skin Fold
Thickness [mm]

Upper Arm
Upper Arm
Tricep
Tricep
Subscapula
Subscapula

Male
Female
Male
Female
Male
Female

4.08
3.99
4.5
4.39
4.53
4.81

[218]

Subscapula
Subscapula
Tricep
Tricep
Upper Arm
Upper Arm
Tricep
Tricep
Subscapula
Subscapula
Tricep
Subscapula

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Both
Both

4.26(2.41-6.11)
4.59(2.69-6.51)
4.12(2.47-5.75)
4.35(2.76-5.93)
(3.98-4.63)
(4.82-4.98)
4.68
4.9
4.96
5.53
4.03(2.44-5.78)
4.24(2.33-6.12)

[219]
[219]
[219]
[219]
[217]
[217]
[218]
[218]
[218]l
[218]
[220]
[220]

Ref

[217]
[217]
[218]
[218]
[218]
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Table 12. Mean (range) occipital frontal circumference of pre-term and term neonates
used to determine approximate skull radius.
GA (wks)

Pre-Term (<37 wks)

Term (>37 wks)

Mean (Range)
Occipital Frontal
Circumference
[cm]
20.7 (18.3-23.1)
20.9 (18.5-23.3)
21.1 (18.7-23.5)
21.3 (18.9-23.7)
(19.0-34.7)
(19.2-35.0)
(19.4-35.3)
(19.6-35.6)
(30.3-36.5)
(30.7-36.7)
(31.0-37.1)
(31.3-37.4)
35.6 (34.4-36.8)
35.7 (34.4-37)
34.6 (32.7-37)
35.7 (33-37.9)

Ref.

[170]
[170]
[170]
[170]
[170]
[170]
[170]
[170]
[170]
[170]
[170]
[170]
[172]
[172]
[173]
[173]

Using the inputs described, stress distributions for O-PrUs were investigated for
each of the strain profile models (Figure 27). Outputs from the models were stress
distribution across both tissue radius (width) and depth as well as maximum strain.

5.3.2

Predictive Oxygen Cannula PrU Models
Unlike O-PrU models, skin surface ± oxygen cannula interface pressure is not

readily available. However, a large majority of OC-PrUs occur due to prolonged prone
positioning on a cannula. Therefore, the maximum stress may be estimated as the force
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(neonatal weight) per area (neonatal body surface area). Neonatal body surface area is
estimated using the standardized neonatal body surface area equation
 ܣܵܤൌ ሺܹ Ǥହଷ଼ ሻݔሺܮǤଷଽସ ሻݔሺͲǤͲʹͶʹͷሻ

(5.32)

where W is weight in kilograms, L is length in centimeters, and BSA is body surface area
in ݉ଶ [221,222]. Averages for weight and length for both pre-term and term neonates are
readily available in literature (Table 13). Input parameters required for the prediction are
tissue thickness (H), cannula radius (Rs), bulk modulus (ț), shear modulus (µ), and initial
solid volume fraction ሺ߮௦ ሻ. Average skin thickness for pre-term and term neonates was
pulled directly from literature (Table 10). Cannula diameters (Rs) were taken to be 3mm
for pre-term neonates and 3.7mm for term neonates [223,224]. Bulk modulus and shear
modulus were acquired from the CNH-Hertz calibration results. Average initial solid
volume fraction was assumed to be the same between each group.

Table 13. Mean (range) birth mass and height for pre-term and term neonates.
GA (wks)

Mean (Range)
Birth Mass
(kg)

Mean
(Range) Birth
Height (cm)

Pre-Term (<37
wks)

(340-3.371)
(1.75-2.7)

(25.2-50.2)

Term (>37 wks)

(1.979-4.140)
(3.0-3.65)
(4.055-4.068)
3.453

(43.3-53.2)
(44.7-57.1)
52.9

Ref.
[170]

[171]
[170]
[171]
[172]

[174]

Using the inputs previously described, Stress distributions for O-PrUs were
investigated for each of the strain profile models (Figure 27). Outputs from the models
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were stress distribution across both tissue radius (width) and depth as well as maximum
strain.

Figure 27. Quasi-static predictive model progression. The same model progression was
completed for both pre-term and term neonates.

5.3.3

Capillary Occlusion Analysis
Capillary occlusion was investigated by observing blood volume fractions

changes across the range of interface pressure data available for the case of O-PrUs.

5.3.4

Sensitivity Analysis
$&RWWHU¶VVHQVLWLYLW\DQDO\VLVZDVXVHGWRGHWHUPLQHWKHUHODWLYHVHQVLWLYLW\RIWKH

model output (maximum stress) to respective inputs. The methodology followed that of
section 3.6.

5.4

Results

5.4.1

Prediction of Occipital Interface Pressure Distribution
The geometric circular segment, Gaussian, and Hertz strain input models

predicted the maximum stress within 0.2% for both pre-term and term groups. In both
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pre-term and term groups, the Gaussian model predicted stress with the least error at 0%
and 0.02%, respectively. Based on the minimized error, the Gaussian model is taken to be
the most accurate prediction of maximum strain. Therefore, the maximum strain in the
pre-term and term groups was predicted as 0.4788 m/m and 0.4835 m/m, respectively.

Stress at Skin Tissue Surface (kPa)
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Figure 28. Comparison of predicted stress profile at the support surface- occiput interface
for pre-term neonates in supine lying position.
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Stress at Skin Tissue Surface (kPa)
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Figure 29. Comparison of predicted stress profile at the support surface- occiput interface
for term neonates in supine lying position.

Since the compressible form of the solid constitutive equation used in these
models is dependent on the deviatoric component of the left Cauchy-Green tensor, which
in turn is dependent on the ܨோ component of the deformation gradient, the stress profile
throughout the depth of the tissue may also be computed. Variations in stress throughout
tissue depth are subtle, but present. Since the pre-term and term models are similar in
shape, the term models are presented as representative of all O-PrU models.
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Depth Dependent Skin Tissue Stress (kPa)
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Figure 30. Tissue stress variation with radius and tissue thickness in term neonates using
a geometrical circular segment strain distribution. At a tissue depth of Z = 0 and radius R
= contact radius, TZZ = -74.13 Pa. At a tissue depth of Z = H and radius R = contact
radius, TZZ = -65.98 Pa.
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Depth Dependent Skin Tissue Stress (kPa)
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Figure 31. Tissue stress variation with radius and tissue thickness in term neonates using
a Gaussian strain distribution. At a tissue depth of Z = 0 and radius R = contact radius,
TZZ = -206.3 Pa. At a tissue depth of Z = H and radius R = contact radius, TZZ = -205.7 Pa.
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Depth Dependent Skin Tissue Stress (kPa)
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Figure 32. Tissue stress variation with radius and tissue thickness in term neonates using
a Hertz strain distribution. At a tissue depth of Z = 0 and radius R = contact radius, TZZ =
-119.9 Pa. At a tissue depth of Z = H and radius R = contact radius, TZZ = -200.4 Pa.
Higher tissue stress at Z = H demonstrates the singularity contained within the flawed
model that will be discussed in a later section.

5.4.2

Prediction Oxygen Cannula Interface Pressure Distribution
The geometric circular segment, Gaussian, and Hertz strain input models

predicted the maximum stress within 4.0% for both pre-term and term groups. In both
pre-term and term groups, the Gaussian model predicted stress with the least error at 0.69%
and 0.38%, respectively. Based on the minimized error, the Gaussian model is taken to be
the most accurate prediction of maximum strain. Therefore, the maximum strain in the
pre-term and term groups was predicted as 0.0023 m/m and 0.0030 m/m, respectively.
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Figure 33. Comparison of predicted stress profile at the tissue surface-oxygen cannula
interface for pre-term neonates in supine lying position.
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Figure 34. Comparison of predicted stress profile at the tissue surface-oxygen cannula
interface for term neonates in supine lying position.
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As with the O-PrU models, since the compressible form of the solid constitutive
equation used in these models is dependent on the deviatoric component of the left
Cauchy-Green tensor, which in turn is dependent on the ܨଷଶ component of the
deformation gradient, the stress profile throughout the depth of the tissue may also be
computed. Variations in stress throughout tissue depth are subtle, but present. Since the
pre-term and term models are similar in shape, the term models are presented as

Depth Dependent Skin Tissue Stress (Pa)

representative of all OC-PrU models.
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Figure 35. Tissue stress variation with radius and tissue thickness in term neonates using
a geometric circular segment strain distribution. At a tissue depth of Z = 0 and radius R =
contact radius, TZZ = -73.02 Pa. At a tissue depth of Z = H and radius R = contact radius,
TZZ = -46.23 Pa.

Depth Dependent Skin Tissue Stress (Pa)
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Figure 36. Tissue stress variation with radius and tissue thickness in term neonates using
a Gaussian strain distribution. At a tissue depth of Z = 0 and radius R = contact radius,
TZZ = -75.09 Pa. At a tissue depth of Z = H and radius R = contact radius, TZZ = -73.75 Pa.
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Figure 37. Tissue stress variation with radius and tissue thickness in term neonates using
a Hertz strain distribution. At a tissue depth of Z = 0 and radius R = contact radius, TZZ =
-80.78 Pa. At a tissue depth of Z = H and radius R = contact radius, TZZ = -19.65 Pa. The
steep slope at Z = H demonstrates the singularity contained within the flawed model that
will be discussed in a later section.
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Figure 38. Depth dependence of quasi-static tissue stress under oxygen cannula in term
neonates using a Hertz ± Parallel Axis Cylinder contact strain distribution.

5.4.3

Sensitivity Analysis

5.4.3.1 Occipital Pressure Ulcer Model
The initial hydrostatic tissue pressure (p0) and initial solid volume fraction ሺ߮௦ ሻ
were found to be the most sensitive parameters in the geometric circular segment, Gauss,
and Hertz models. Although not always above the reference line, the bulk modulus (ț)
and expansion coefficient (ᆇ) were nearly sensitive in each model as well. Sphere radius
(Rs) and tissue thickness (H) were the least sensitive parameters in each model.
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Figure 39. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRU the geometric circular segment occipital
predictive model. The dashed line represent 1/np and any sensitivity index that falls above
this line is considered a sensitive parameter. Initial hydrostatic tissue pressure (p0), initial
solid volume fraction ሺ߮௦ ሻ, bulk modulus (ț), and expansion ratio (ᆇ) were determined
to be sensitive parameters.
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Figure 40. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHGaussian occipital predictive model. The
dashed line represent 1/np and any sensitivity index that falls above this line is considered
a sensitive parameter. Initial hydrostatic tissue pressure (p0) and initial solid volume
fraction ሺ߮௦ ሻ were determined to be sensitive parameters.
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Figure 41. CottHU¶VVHQVLWLYLW\LQGLFHVIRUWKHHertz occipital predictive model. The
dashed line represent 1/np and any sensitivity index that falls above this line is considered
a sensitive parameter. Initial hydrostatic tissue pressure (p0), initial solid volume fraction
ሺ߮௦ ሻ, bulk modulus (ț), and expansion ratio (ᆇ) were determined to be sensitive
parameters.

5.4.3.1 Oxygen Cannula Pressure Ulcer Model
The initial hydrostatic tissue pressure (p0), initial solid volume fractionሺ߮௦ ሻ, and
shear modulus (µ) were found to be the most sensitive parameters in the geometric
circular segment, Gauss, and Hertz models.
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Figure 42. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHgeometric circular segment oxygen cannula
predictive model. The dashed line represent 1/np and any sensitivity index that falls above
this line is considered a sensitive parameter. Initial hydrostatic tissue pressure (p0), initial
solid volume fraction ሺ߮௦ ሻ, and shear modulus (µ) were determined to be sensitive
parameters.
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Figure 43. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHGaussian oxygen cannula predictive model.
The dashed line represent 1/np and any sensitivity index that falls above this line is
considered a sensitive parameter. Initial hydrostatic tissue pressure (p0), initial solid
volume fraction ሺ߮௦ ሻ, and shear modulus (µ) were determined to be sensitive parameters.
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Figure 44. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHHertz oxygen cannula predictive model. The
dashed line represent 1/np and any sensitivity index that falls above this line is considered
a sensitive parameter. Initial hydrostatic tissue pressure (p0), initial solid volume fraction
ሺ߮௦ ሻ, and shear modulus (µ) were determined to be sensitive parameters.

5.5

Discussions

5.5.1

Model Mechanics
Tissue deformation has been shown to play a significant role in the etiology of

PrUs. Therefore, it is necessary to be able to predict tissue deformation accurately and
efficiently. The geometric circular segment, Gaussian, and Hertz models developed
herein provide an analytical means of estimating quasi-static tissue deformation with
minimal input parameters.
Each model has unique features and predictive capabilities. The circular segment
model is arguably the foundational model, predicting explicitly theoretical spherical
deformation. The model is capable of predicting stress distribution across the contact area
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radius. Most importantly, the geometric circular segment model is used to calibrate the
Gaussian spread (ı) parameter required for the Gaussian model.
The Gaussian model proved to be the most accurate predictor of maximum stress
in both the pre-term and term groups with 0% and 0.02% error, respectively. Unique to
the Gauss model is its ability to compute stress distribution beyond the contact radius.
This model feature is useful when predicting stress distributions on soft tissues in which
the deformation does not return to zero at the contact radius edge, but rather at some
distance beyond the contact. It is important to note that the Gaussian model, even when
curve fit via the Gaussian spread parameter to the geometrical circular segment model,
will always underestimate stress outside of the maximum value as the intrinsic shape of
the Gaussian curve cuts into the theoretical circular segment (Figure 28 and Figure 33).
Of the three models, the Hertz model is the least accurate model, which is likely
due to the singularity that arises in the Cauchy stress derivation. As the distribution nears
the contact radius, the ܨோ ሺܨଷଶ ሻ term in the deformation gradient nears a finite-time
singularit\ FRPPRQO\ UHIHUUHG WR DV ³EORZ XS´ 6LQJXODULWLHV DV VXFK DUH UHODWLYHO\
uncommon in mechanics models and are seen more frequently in mass transfer models
[225]. Finite-time singularities cannot be avoided or removed. The effect of the
singularity on the stress distribution output is best demonstrated in Figure 32 and Figure
37, in which the stress variation with tissue depth shows that tissue stress rapidly
increases (towards the singularity) at the contact radius. This singularity is likely the
result of the original assumption regarding the Hertz-type strain input which assumed that
the strain profile at the tissue surface was the same form as the Hertz theory stress
distribution. While the strain and stress distributions may look similar within the contact

92
area radius, it is at and beyond the contact radius that they differ. Stress beyond the
contact area radius does go to zero; whereas, strain should not return to zero at the
contact area radius. Furthermore, there are four assumptions that govern the use of Hertz
contact theory:
1. Surfaces are continuous and non-conforming (initial contact is a point or a line)
2. Strains are small
3. Solids are elastic
4. Surfaces are frictionless
In the case of skin tissue, the surfaces are conforming with an initial contact surface area,
strains are large, and surfaces are not frictionless. Moreover, these assumptions all
require that the contact radius is much smaller than the radius (a<<R) which is not the
case in skin deformation. Too many of the fundamental assumptions regarding Hertz
contact theory have been violated in the skin tissue model. For these reasons, the
proceeding chapters will not consider the Hertz-type strain input for any further models.

5.5.2

Local Ischemia and PrU Etiology
The predicted stress profiles of the quasi-static analysis also provide insights into

the radius of capillary occlusion in the tissue. Capillary occlusion is widely accepted to
occur at 32mmHg (4.3kPa) [226]. Using this assumption, the capillary occlusion
threshold was surpassed in both pre-term and term neonates for a contact radius of R =
5.9mm and R =6.88mm, respectively, using the Gaussian strain profile. On average, both
pre-term and term infants experienced occipital pressures that exceed capillary occlusion
through a contact radius of approximately 12% of their skull radius. As such, according
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to the pressure-time threshold curve of Reswick and Rogers [18], the occiput of neonates
must be repositioned approximately every 5.5 hours at a minimum to prevent PrU
development.
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Figure 45. Average maximum occipital interface pressure of term and pre-term neonates
as compared to the Reswick and Rogers [18] pressure-time threshold curve. This suggests
the occiput of neonates should be repositioned at least every 5.5 hours for PrU prevention.

More generally, the quasi-static models were used to elucidate a trend in capillary
occlusion versus tissue stress. For a direct comparison to the pressure-time threshold, the
interface stress range was varied from 0-700mmHg (0-93kPa) (Figure 46). Blood volume
fraction (߮  ) was computed using a Gaussian strain input. Assuming that complete
capillary occlusion occurs at ߮  ൌ Ͳ, the corresponding interface pressure is 290mmHg
(39kPa). The average maximum interface occipital stress experienced by neonates
(52mmHg) is well below this threshold. However, at low interface pressures, the blood
volume fraction is highly sensitive to changes in pressure between 0-150mmHg, a range
in which the average maximum neonatal occipital interface stress falls. Although
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neonates are not experiencing complete capillary occlusion (based on the assumption that
complete capillary occlusion occurs at ߮  ൌ Ͳ, not a pressure threshold of 32mmHg),
there is an extent of compromised blood flow with a decreased blood volume fraction.
Compromised blood flow inhibits normal nutrient transport between the tissue
constituents, and over time could lead to tissue breakdown. Partial capillary occlusion
could contribute to the length of time that it takes a PrU to develop, as the tissue slowly
degrades over time as nutrient needs are not met.
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Figure 46. As a direct comparison to the classic pressure-time threshold, blood volume
fraction was computed for interface pressure ranging from 0-700mmHg using a Gaussian
strain input. Assuming that complete capillary occlusion occurs at ߮  ൌ Ͳ, the
corresponding interface pressure is 290mmHg (39kPa). The reference line denotes the
average maximum term neonate occipital interface pressure and is well below capillary
occlusion. Since ߮  cannot be negative, tissue and model breakdown is assumed at
pressures greater than 290mmHg.

5.5.3

Compromised Interstitial Fluid Flow and PrU Etiology
For the quasi-static model, zero constituent velocity was assumed, and therefore,

there is no fluid movement in the tissue. While there is intrinsic interstitial fluid flow
within the soft tissues, there is no deformation driven interstitial fluid flow. This is a
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limitation of the quasi-static models, and consequently, the models will be developed
with a time dependent assumption in the following chapter.
5.5.4

Mechanical Stress Distribution in the ECM and PrU Etiology
Since the Gaussian model provided the most accurate predictions of maximum

stress, it was used to determine the maximum strain output. For the O-PrUs, the
maximum strain for pre-term and term neonates was the same at 0.48 m/m. This means
that despite pre-term infants being exposed to lower stress levels than their term
counterparts (due to lower birth weights), they experience the same amount of tissue
deformation. This is due to the compromised skinfold tissue thickness characteristic of
pre-term neonates. Pre-term neonates often have compromised tissue thickness due to
deficient adipose, underdeveloped dermal layers, or altogether missing layers, such as the
stratum corneum [40]. The predisposition of pre-term infants to larger tissue deformation
puts pre-term neonates at a higher risk for PrUs. This model provides the potential for a
non-invasive bedside metric for predicting PrU occurrence. Given interface pressure and
tissue thickness as inputs to the model, the maximum strain level can be computed and
potentially correlated with PrU threshold strain.
Predictions of tissue level static strain may also be used to understand the cell
mechanics at the microstructural level. Cells under static mechanical loading exhibit
different migration, phenotype, and proliferation characteristics. When cells sense
mechanical strains through cell surface receptors (integrins and ion channels), they adjust
their expressions and adapt their environment to these changes. Generally, strains
enhance the synthesis of ECM components [227]. Predicted strain levels may be used to
understand the effect of the strain on the tissues at the cellular level.
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5.5.5

Sensitivities and Model Limitations
The sensitivity analysis between the O-PrU models and OC-PrU models were

slightly different. Across all models, the initial hydrostatic tissue pressure (p0) and initial
solid volume fraction (߮௦ ) were found to be sensitive parameters. However, for the OCPrU models, the shear modulus (µ) was also a very sensitive parameter. All three of these
parameters are either highly debated or largely unknown for skin tissue. Initial
hydrostatic tissue pressure measurements vary widely, with some investigators not even
agreeing on the sign of the term [228]. Other investigators have attempted to determine
the best function for hydrostatic tissue pressure, with assumptions ranging from zero to a
constant to complex deformation dependent functions [59,63,182]. The initial solid
volume fraction for neonatal skin is simply not well documented in literature, although it
is known that solid volume fraction continues to increase from birth to the age of 1 when
in plateaus to that of an adult [206]. Adult solid volume fractions are typically below 0.3
[229]. Shear modulus ranges within the adult population are likewise lacking in literature
and non-existent within the neonatal population.
As such, limitations of the model begin with the sensitivity of already difficult to
define parameters. The inaccuracies associated with these parameters leads to
inaccuracies in the predictive capability of the models. The model is also limited by its
restriction to the epidermis, dermis, and hypodermis in tissue thickness measurement. A
refinement of the model might expand the tissue thickness to include muscle, especially
given that muscle tissue deformation is highly linked to the occurrence of DTI [3,212] .
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CHAPTER 6. TIME DEPENDENCE AND FLUID FLOW MODELING

6.1

Introduction
Time-varying loading of biological tissues has been demonstrated to maintain or

increase local fluid flow characteristics and thereby promote healthy nutrient transport in
loaded tissues [230,231]. This phenomenon has been thoroughly investigated in the
context of bone, for which a low magnitude, whole body vibration has been shown to
have osteogenic affects in bone [232,233] via increased fluid transport through the bone
tissue [194]. Several animal [234,235] and human [236,237] experimental models have
successfully shown whole body vibration as an effect means to slow bone density loss
and promote bone formation.
Likewise, in soft biological tissues, time-varying loading has also been
investigated, although not as thoroughly as in bone, as a means of accelerating wound
healing at the micro- and macroscale levels. Weinheimer-Haus demonstrated in an in vivo
study of mice that applying a 45Hz low intensity vibration for 30 minutes a day increases
angiogenesis and granulation tissue formation, accelerates wound-closure and reepithelialization,

reduces

neutrophil

accumulation,

and

increases

macrophage

accumulation [238]. Leduc et. al applied multidirectional vibration to newly formed scars
and showed accelerated regeneration of severed veins and lymph vessels [239]. Peer et.
al demonstrated in an in vivo study of athletes with ankle sprain or hamstring strain
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injuries that a 20Hz muscle stimulation applied for 10 minutes improved flexibility and
reduced perceived stiffness [240].
More recently, time-varying loading is being investigated as a means of
increasing local skin blood flow as a means of prophylactic PrU prevention and PrU
treatment. The mechanism by which time-varying loading prevents and treats PrUs is
two-fold: 1.) The onset and severity of PrUs is prevented by cyclically relieving local
pressure maximums, such that the deformed tissue is not continuously subjected to a
pressure greater than that of capillary occlusion (32mmHg / 4.3kPa) and 2.) Skin blood
and interstitial fluid flow maintains normal physiologic values during tissue deformation
due to the intrinsic ability of vibration to increase fluid flow. Nakagami [231]
demonstrated in an in vivo model of hairless mice that a frequency of 47Hz produced
significant increases in skin blood flow. Arashi et. al showed with an in vivo study of
hospital patients that a frequency of 47Hz applied for 15 minutes 3 times a day for up to 7
days facilitated the healing of Stage I PrUs and Stage III and Stage IV PrUs with necrotic
tissues [241]. In an in vivo rat model, Sari showed that vibration therapy significantly
inhibited deterioration of DTI [242]. Although more investigative is necessary, early
studies have shown the potential of vibration to be a novel, non-invasive, low-cost,
effective adjunctive therapy in PrU protocols [243].
In this chapter, the two dimensional, compressible model of skin tissue developed
in Chapter 5 is provided with time-varying homogeneous and non-homogeneous strain
input. The time varying input simulates the effects of a vibrating support surface on skin
tissue fluid flow towards the understanding of the use of such devices as prophylactic and
adjunctive treatment modalities for PrUs.
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6.2

Theory
In order to describe the mechano-physiological processes of load-bearing human

cutaneous and subcutaneous tissue, a mixture theory based model is developed and
interfaced with uniform and modified Hertzian contact mechanics input. Human skin
tissue is a complex system, composed of several distinct layers (epidermis, dermis, and
hypodermis) and structures (follicles, vasculature, sebaceous glands, etc.). Each layer
contains many different components including collagen and elastin in a gel continuum of
mucopolysaccharides with a principle mass of collagen [40]. Previous models of loadbearing skin tissue typically consider biphasic continua with a single solid and single
fluid component, such that all fluids are lumped into the fluid constituent [59]. For the
purposes of this study, along with the solid extracellular matrix (ECM) constituent, two
fluids will be considered, interstitial fluid (IF) and blood. Therefore, the three
constituents of the triphasic mixture are extracellular matrix (s), interstitial fluid (f), and
blood (b). The tissue is assumed to be compressible, homogeneous, and isotropic and is
subjected to time varying loading.
Each constituent is regarded as a continuum having its own properties, kinematics,
and balance laws. As such, each constituent has its own mass, volume, apparent, and true
density, ܯఈ , ܸ ఈ , ߩఈ and ߩ்ఈ , where ߙ ൌ ݏǡ ݂ǡ ܾǤ Apparent density and true density are
related by the volume fraction, ߮ ఈ such that ߩఈ ൌ ߮ ఈ ߩ்ఈ . The volume fraction of each
constituent is given by ߮ ఈ ൌ ܸ ఈ Ȁܸ such that at any given time σఈ ߮ ఈ ൌ ͳǤ
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6.2.1

Solid Particle Kinematics
The solid particle position, ݔ௦ , can be described in terms of the reference

configuration, ܺ௦ , such that
 ݏ ͳݔൌ ܺͳ  ݏെ ߟߝ͵ ܺͳ ݏ
ቐ ݏ ʹݔൌ ܺʹ  ݏെ ߟߝ͵ ܺʹ ݏ
 ݏ ͵ݔൌ ܺ͵  ݏ ߝ͵ ܺ͵ ݏ

(6.1-6.3)

where ᆇ is the expansion ratio and ߝଷ is the strain profile. Applying a coordinate
transformation for the axisymmetric assumption results in a solid particle position
described by
 ݏݎൌ ܴ ݏെ ߟߝܼ ܴݏ
.
ቐߠ ݏൌ ߆ݏ
ݏ
ݏ
ݏ
 ݖൌ ܼ  ߝܼ ܼ

(6.4-6.6)

The rate of deformation tensor in cylindrical coordinates is then given by
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(6.7)

resulting in the following equation for Cauchy stress in the loading direction
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(6.8)

The final form of the equation depends on the selected format for the strain profile.

6.2.1.1 Axisymmetric Spherical Loading
For a case study of neonatal occipital PrUs, the occiput was modeled as an
axisymmetric, rigid spherical indenter lying on an elastic half-space of tissue. The contact
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area radius was presumed to be small enough that the radius of curvature of the skin on
the skull is negligible. The strain profile at the loading surface was described using three
different strain profiles, including uniform, geometrical circular segment, and Gaussian
profiles.

6.2.1.1.1

Uniform Strain Profile

The strain profile induced by the occiput on the surface of the skin was modeled
as a uniform, time dependent strain, such that
ߝ ൌ െߛ  ߛܣሺ ሺ߱ݐሻ െ ͳሻ.

6.2.1.1.2

(6.9)

Geometrical Circular Segment Strain Profile

The strain profile induced by the occiput on the surface of the skin was modeled
using the axisymmetric geometric equations for the arc of circular segment.

Figure 47. The geometric relationships between sphere radius (Rs), contact radius (a), and
maximum indentation (do) are used to develop the geometric circular segment strain
profile function.
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The derived strain profile is a function of tissue thickness (H), radius of the
sphere (RS), position in R, and maximum deformation (d0) such that
ߝ௭ ൌ െ

ௗሺோሻ
ு



ௗሺோሻ
ு

ܣሺ ሺ߱ݐሻ െ ͳሻ

(6.10)

݀ሺܴሻ ൌ  ඥܴௌଶ െ ܴ ଶ െ ඥܴௌଶ െ ܽଶ

(6.11)

ܽଶ ൌ ܴௌଶ െ ሺܴ௦ െ ݀ ሻଶ

(6.12)

݀ ൌ ݀ሺܴ ൌ Ͳሻ.

(6.13)

6.2.1.1.3

Gaussian Strain Profile

The strain profile on the surface of the skin was also modeled using a Gaussian
distribution, such that
ߝ ൌ െߛ݁
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షೃమ
ሻ
మమ

 ߛ݁

൬

షೃమ
൰
మమ
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ߛ ൌ  െߝ ሺܴ ൌ Ͳሻ.

(6.14)
(6.15)

The spread of the Gaussian distribution (ı) was determined by a curve fit with the
preceeding circular segment strain profile.

6.2.1.2 Plane Strain Cylindrical Loading
For a case study of neonatal oxygen cannula PrUs, the oxygen cannula was
modeled as rigid cylinder lying on an elastic half-space of tissue in plane strain. The
deformation of the cannula itself was assumed negligible. The strain profile at the loading
surface was described using a Gaussian strain profile.
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The solid particle position, ݔ௦ , can be described in terms of the reference
configuration, ܺ௦ , such that
 ݏ ͳݔൌ ܺͳ ݏ
ቐ ݏ ʹݔൌ ܺʹ  ݏെ ߟߝ͵ ܺʹ ݏ
 ݏ ͵ݔൌ ܺ͵  ݏ ߝ͵ ܺ͵ ݏ

(6.16-6.18)

where ᆇ is the expansion ratio and ߝଷ is the strain profile. The rate of deformation tensor
is then given by
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(6.19)

resulting in the following equation for Cauchy stress in the loading direction
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(6.20)

The final form of the equation depends on the selected format for the strain profile. The
strain profile induced by an oxygen cannula on the surface of the skin was modeled using
a Gaussian distribution, such that
ߝଷ ൌ െߛ݁

షమ
మሻ
మమ

ሺ

 ߛ݁

ቆ

షమ
మቇ
మమ

ܣሺ ሺ߱ݐሻ െ ͳሻ

ߛ ൌ  െߝଷ ሺܺଶ ൌ Ͳሻ.

(6.21)
(6.22)

The spread of the Gaussian distribution (ı) was determined by a curve fit with the
preceeding circular segment strain profile.
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6.2.2

Balance of Mass
The governing equations employed in mixture theory are the balance of mass and

the conservation of linear momentum for the Į-constituent. The balance of mass for the
Į- constituent is
 ഀ ఘഀ
௧

 ߩఈ  ή  ݒఈ ൌ ݍො ఈ

where

ഀ
௧
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డ
డ௧



డ
డ௫

(6.23)

ݒఈ is the material derivative, ఈ is the velocity of the Į-constituent

and ݍො ఈ ൌ ߩ்ఈ ݎƸ ఈ is the rate of mass production per unit volume. Expanding the equation
and applying the mass production constrain σఈ ݎƸ ఈ ൌ Ͳ and neglecting mass exchanges
between the constituents yields the balance of mass of the mixture
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(6.24)

Conservation of Linear Momentum
The conservation of linear momentum for the Į-constituent is

ߩఈ

 ഀ ഀ
௧

ൌ  ή ܶ ఈ  ߩఈ ܾ ఈ  ߨ ఈ

(6.25)

where ܶ ఈ is the Cauchy stress tensor, ܾ ఈ s body force, and ߨ ఈ is the inter-constituent
interaction term. The Į-constituent Cauchy stresses are defined as such
ݏ


ܶ ݏൌ െ߮ ܫ ݏ ߮ܵ ܶ
൞݂ܶ ൌ െ݂߮ ܫ

(6.26-6.28)

ܾ

ܶ ൌ െܾ߮ ܫ
where  is the hydrostatic tissue pressure, and ܶ ௦ is the compressible neo-hookean solid
constitutive equation
ܶ ௦ ൌ ߢ ܬ௦ ሺ ܬ௦ െ ͳሻ ܫ
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݀݁ݒሺ ܤ௦ ሻ.

(6.29)
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Viscous contributions of the fluid are assumed to be accounted for in the solid-fluid
interaction term [179]. The resulting total Cauchy stress of the mixture when the
constraint on the volume fraction, σఈ ߮ ఈ ൌ ͳ, is applied is
ܶ ் ൌ ܶ ௦ ܶ  ܶ  ൌ െ ܫ ܶ ௦ .

(6.30)

The inter-constituent interaction terms model the drag between two constituents,
and as such, ߨ ఈ must satisfy the condition that σఈ ߨ ఈ ൌ Ͳ [179]. The interaction terms of
the mixture are therefore defined as
ߤ݂
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(6.31-6.33)

where ߦ accounts for the unknown interaction between the interstitial fluid and the blood.
The unknown interactions may originate from viscous interactions (drag) between the
interstitial fluid and the blood, a Starling-type pressure gradient, or interconstituent
nutrient transport resulting in a solute-type interaction. No interaction term is included for
the blood and the solid, as interstitial fluid bounds the two constituents. Assuming that
the body forces are negligible, the balance of linear momentum for the Į-constituents
becomes
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(6.34-6.36)

The final form of the solid constituent conservation of linear momentum equation
depends on the form of the input strain as derived in the preceeding sections.
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6.2.4

Assumptions and Boundary Conditions
In order to solve the system of equations model specific assumptions and

boundary conditions must be applied. The primary assumptions are 1.) no change in EZ






(E3) deformation such that ݒ௭௦ ൌ ݒ௭ ൌ ݒ௭ (ݒଷ௦ ൌ ݒଷ ൌ ݒଷ ) and 2.) ߮ ൌ ʹǤͷ߮ [244,245].
The primary boundary conditions are 1.) axisymmetry at R = 0 (X2 = 0), 2.) prescribed




strain profile at the loading surface, 3.) ݒ௭ ൌ ݒ௭ ൌ Ͳ (ݒଷ ൌ ݒଷ ൌ Ͳ) at the impervious
epidermal surface, and 4.) the radial Cauchy stress at R = R0 is equal to initial hydrostatic
tissue pressure.

6.3

Methods

6.3.1

Prediction of Fluid Velocity
Interstitial fluid velocity was predicted for each strain profile. The models were

provided with average literature values previously presented for skin thickness (H), initial
solid volume fraction ( ߮௦ ), occiput/oxygen cannula radius (Rs), and calibrated bulk
modulus (ț), shear modulus (µ), and expansion ratio (ᆇ). The true density of the ECM
and the hydraulic conductivity, two new parameters introduced by the time dependent


మ

model, are taken to be literature averages at ͳ͵ͷ య and ͻିͲͳݔଵଷ ή௦ , respectively
[246-248]. The maximum strain values predicted from the quasi-static pressure
distribution models were used as input into the time dependent model. The magnitude of
the vibration (A) was varied from 100-700İ to adequately span the range of tissue
microdeformation shown to promote cell proliferation and wound healing (400-600İ)
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[249]. Similarly, the frequency of the input was varied from 10-80Hz to adequately span
the low frequency range.
Given the prediction precision of the uniform strain model in predicting
maximum quasi-static stress (<0.1% error) as well as the ability of the model to verify
with non-homogeneous interstitial fluid velocity predictions (<9% error), the blood
velocity was predicted using a uniform strain profile.
All model outputs reported were calculate at tissue radius ܴ ൌ

ோೞ
ଶ

and a tissue

ு

depth of ܼ ൌ  .
ଶ

6.3.2

Sensitivity Analysis
$&RWWHU¶VVHQVLWLYLW\DQDO\VLVZDVused to determine the relative sensitivity of the

model output (maximum interstitial fluid velocity) to np respective inputs. The
methodology followed that of section 3.6. The parameters of interest for each individual
sensitivity analysis depend on the form of the strain input. The ranges for each parameter
are determined from data within literature and calibration results, both of which are
previously reported.
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Table 14$&RWWHU¶VVHQVLWLYLW\DQDO\VLVZDVXVHGWRGHWHUPLQHWKHUHOative sensitivity of
the model output (maximum interstitial fluid velocity) to input parameters. The
parameters of interested depend on the selection of strain input. The parameter ranges
were determined from literature values and calibration results previously reported.

6.4

Results

6.4.1

Prediction of Fluid Velocities Under Occipital Loading
Both the geometric circular segment and Gaussian strain profiles were used to

predict interstitial fluid velocity. Reported values for interstitial fluid velocity range from
ఓ

0.6

௦

to 9.7

ఓ
௦

[250-253]. At low amplitude and frequency input, closest to quasi-static,

the interstitial fluid velocity is on the same order of magnitude as is reported in literature


(A = 100İ, f = 10, ݒ ൌ ͺ

ఓ
௦

). As the magnitude and frequency increase, the predicted

interstitial fluid velocity surpasses literature values.
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Figure 48. Predicted radial fluid velocity for term neonates using a uniform strain with
varying input amplitude and frequency. At A = 100İDQGI +]WKHPD[LPXPIOXLG
ఓ
velocity isͳͳ ௦ .
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Figure 49. Predicted radial fluid velocity for term neonates using a geometric circular
segment strain with varying input amplitude and frequency. At A = 100İDQGI +]
ఓ
the maximum fluid velocity isͷǤͷ ௦ .
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Figure 50. Predicted radial fluid velocity for term neonates using a Gaussian strain with
varying input amplitude and frequency. At A = 100İDQGI +]WKHPD[LPXPIOXLG
ఓ
velocity isͺ ௦ .
The geometric circular segment model was used to predict the velocity profiles
within the contact area radius. For these models, amplitude A was held constant at 300İ.
Model output shows that inputs of increasing skull radius are more sensitive to changes in
frequency.
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Figure 51. The geometric circular segment model was used to predict the maximum
interstitial fluid velocity in term neonates with varying sphere radius input. Vibration
amplitude was held constant at A = 300İ. Inputs of increasing sphere radius are more
sensitive to changes in frequency.

The uniform strain input model was employed to predict radial blood velocity.
Reported values for neonatal capillary blood velocity are not very different from adults
and range from 0.04 to 1.2


௦

[254,255]. At low amplitude and frequency input, closest

to quasi-static, the interstitial fluid velocity is on the same order of magnitude as is


reported in literature (A = 100İ, f = 10, ݒ ൌ ͲǤͲ


௦

). The predicted blood velocity

remains on the same order of magnitude as the reported literature values for all ranges of
input amplitude (A) and frequency (f).
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Figure 52. Predicted radial blood velocity for term neonates using a uniform strain with
varying input amplitude and frequency. At A = 100İDQGI +]WKHPD[LPXPIOXLG

velocity isͲǤͲ ௦ .
6.4.2

Prediction of Fluid Velocities Under Oxygen Cannula Loading
The Gaussian model has the unique ability to predict fluid velocity well beyond the

input radius. For these models, amplitude A was held constant at 300İ. Model output
shows that interstitial fluid velocity is drastically higher beyond the edge of the input
radius.

Maximum Radial Fluid Velocity [mm/s]

114

0.015
R=R
R=1.5R

0.01

0.005

0

0

20

40

60

80

100

Frequency [Hz]

Figure 53. The Gaussian model was used to predict the maximum interstitial fluid
velocity in term neonates well beyond the input radius. Vibration amplitude was held
constant at A = 300İ. The interstitial fluid velocity at half radius beyond the radius of
the input is drastically higher and more sensitive to changes in frequency.

6.4.3

Sensitivity Analysis
The sensitivity analysis determined that tissue thickness (H), expansion ratio (ᆇ),

and sphere radius (Rs) were sensitive parameters for the geometric circular segment
model. Whereas, the expansion ratio (ᆇ) was the only sensitive parameter for the
Gaussian model.
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Figure 54. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHgeometric circular segment occipital
predictive model. The dashed line represent 1/np and any sensitivity index that falls above
this line is considered a sensitive parameter. Amplitude and frequency were held constant
at A = 300İ and f = 40Hz. Tissue thickness (H), expansion ratio (ᆇ), and sphere radius
(Rs) were found to be sensitive parameters.
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Figure 55. &RWWHU¶VVHQVLWLYLW\LQGLFHVIRUWKHGaussian occipital predictive model. The
dashed line represent 1/np and any sensitivity index that falls above this line is considered
a sensitive parameter. Amplitude and frequency were held constant at A = 300İ and f =
40Hz. Expansion ratio (ᆇ) is the only sensitive parameter.
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Figure 56. CotteU¶VVHQVLWLYLW\LQGLFHVIRUWKHGaussian oxygen cannula predictive model.
The dashed line represent 1/np and any sensitivity index that falls above this line is
considered a sensitive parameter. Amplitude and frequency were held constant at A =
300İ and f = 40Hz. Expansion ratio (ᆇ) is the only sensitive parameter.

6.5

Discussions

6.5.1

Model Mechanics
The uniform, geometric circular segment, and Gaussian models were used to

predict fluid velocities under time-varying loading conditions. The uniform model
provides a good benchmark for model verification and the geometric circular segment
and Gaussian models each provide unique output capabilities towards the understanding
of fluid velocity variation.
The geometric circular segment model has the ability to predict the velocity profile
throughout the contact area radius. Inputs of increasing radius (where radius is either the
skull radius or the oxygen cannula radius) were shown to be more sensitive to changes in
frequency (Figure 51). Thus, infants with a larger OFC would require lower frequency
time-varying loading to induce the same amount of velocity increase as an infant with a
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smaller OFC. In clinical applications, this becomes an important analytical tool when
dealing with infants with much larger skull radii as in dolicocephaly, brachycephaly, and
hyperbrachycephaly as discussed in Chapter 3.
Since the Gaussian model uses a statistical spread as opposed to a geometric
representation, its output is not limited to within the bounds of the contact area radius.
Therefore, the Gaussian model has the unique capability of modeling fluid well beyond
the contact area radius. This is especially useful in modeling soft tissue deformations in
which the strain does not return to zero at the edge of the contact area radius, but rather at
some distance beyond the edge. Interstitial fluid velocities at 1.5R were shown to be
significantly greater than those at the contact radius edge (Figure 53).

6.5.2

Local Ischemia and PrU Etiology
The time dependent models demonstrated significant increases radial blood

velocity during time-varying loading. The affect of apparent strain magnitude and
frequency on radial fluid flow velocity was determined. At low values of apparent strain
and frequency, the predicted radial blood velocity was on the same order of magnitude as
in vivo unloaded tissue fluid velocity measurements in literature.
Ischemia, a direct results of excessive pressure loading, has often been
hypothesized as a mechanism of PrU etiology [188,210,256,257]. Time-varying loading
has a demonstrated ability to increase local radial blood velocities in a controlled manner
via selection of apparent strain amplitude and frequency of input. Therefore vibratory
support surfaces have the theoretical ability to act as both a prophylactic prevention of
PrUs and an adjunctive therapy for the treatment of PrUs by maintaining normal blood
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flow characteristics during loading given an appropriate selection of apparent strain
amplitude and input frequency. The theory of time-varying loading as an accelerator of
PrU healing has already been document in two in vivo experiments of hospital patients
[231,241]. Further investigation into the optimized amplitude and frequency is necessary.

6.5.3

Compromised Interstitial Fluid Flow and PrU Etiology
The time dependent models also demonstrated significant increases radial

interstitial fluid velocity during time-varying loading. The affect of apparent strain
magnitude and frequency on radial interstitial fluid velocity was determined. At low
values of apparent strain and frequency, the predicted interstitial fluid velocity was on the
same order of magnitude as in vivo unloaded tissue interstitial fluid velocity
measurements in literature.
Compromised interstitial fluid flow, another direct result of excessive pressure
loading has also been hypothesized as a mechanism of PrU etiology [63,258,259]. A
compromise in interstitial fluid flow causes a decrease in nutrient transport between
constituents as well as a slowed lymphatic system. Time-varying loading has a
demonstrated ability to increase local interstitial fluid velocities in a controlled manner
via selection of apparent strain amplitude and frequency of input. As with increasing
radial blood velocity, this reinforces the theory that controlled time-varying input has
great potential as a prophylactic prevention and treatment for PrUs.
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6.5.4

Mechanical Stress Distribution and PrU Etiology
As with static loading of tissues, time-varying loading causes changes at the

microcellular level. Cell morphology, phenotype, proliferation, differentiation, and
syntehsis are affected under time-varying loading [260-262]. Time-varying strains have a
even greater effect on collagen and elastin synthesis than static loading [227]. A
secondary benefit to applying a time-varying load to pressure loaded tissue is the
potential to promote normal cell behavior via controlled microstructural strain. The
predicted quasi-static strain levels and apparent strain magnitude of the time-varying
loading may be used to determine the effect of time-varying loading on the tissues at the
cellular level.

6.5.5

Sensitivities and Model Limitations
The geometric circular segment model for occipital PrUs resulted in three sensitive

parameters, tissue thickness (H), expansion ratio (ᆇ), and sphere radius (Rs). Likewise,
the Gaussian model of oxygen cannula PrUs resulted in a single sensitive parameter, the
expansion ratio (ᆇ). The limitations regarding these parameters were discussed in Chapter
5 and still hold for the time dependent model.
Limitations in the time dependent triphasic mixture theory can be addressed in
further iterations of the model. In order to solve the set of equations analytically, several
assumptions were made as discussed previously. Discretization of the model would
eliminate the need for one or more of the assumptions required in this solution which
could potentially improve the predictive capabilities of the model.
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The model could also benefit for more complex functions for both the hydrostatic
tissue pressure and the interaction terms. Building a depth and radius dependent function
for hydrostatic tissue pressure both eliminate an unknown from the set of equations and
provide a more intuitive model of hydrostatic tissue pressure. Finally, the more complex
interaction terms could be incorporated to account for viscous effects between the solid
and the blood constituents. Increases in complexity of both the hydrostatic pressure and
interaction terms could potentially improve the predictive capabilities of the model.
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CHAPTER 7. SUMMARY AND FUTURE WORK

Localized ischemia, impaired interstitial fluid flow, and sustained mechanical
loading of cells have all been hypothesized as mechanisms of PrU etiology. Time-varying
loading has been shown experimentally to increase fluid flow in human skin in vivo.
Therefore there is a need for an analytical model to investigate the local fluid flow
characteristics of skin tissue under time-varying loading. Moreover, models of neonatal
PrUs are non-existent within literature. The objectives of this dissertation were to predict
quasi-static stress distributions and time dependent velocity changes of tissues under
static and time-varying loading conditions towards a better understanding of PrU etiology
and prevention within the neonatal population.
Incompressible and compressible hyperelastic, neo-hookean quasi-static models
were calibrated and validated using in vivo human skin compression data. Ultimately, the
RMSE was minimized (0.2kPa) with the compressible model, and as such, the resultant
material properties were utilized. Calibrated material properties were on the same order
of magnitude as the few other data points reported in literature. Four different strain
profiles were investigated to model neonatal O-PrUs and OC-PrUs including uniform,
geometric circular segment, Gaussian, and Hertz strain profiles. The Gaussian profile was
able to predict experimental maximum interface pressure data with the least error
(<0.02%). Stress profiles and maximum strain were predicted for pre-term and term O-
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PrUs and OC-PrUs. Predicted strain values were used to gain insight on stress
thresholds for capillary occlusion and compared to the classic pressure-time threshold
curve. By convention, 32mmHg (4.3kPa) is considered the threshold for capillary
occlusion. Assuming complete capillary occlusions corresponds to ߮  ൌ Ͳ, model output
suggests capillary occlusion is at a much higher stress.
Building upon the quasi-static model, a time dependent model was validated and
calibrated to monitor fluid flow characteristics under time-varying loading conditions.
Three different strain inputs were used, including uniform, circular segment, and
Gaussian. The apparent strain magnitude and frequency of the input were varied from
100-700İ and 10-80Hz, respectively. Interstitial fluid velocity was predicted using
uniform, circular segment, and Gaussian models. Blood velocity was predicted using the
uniform model.
In all models, interstitial fluid velocity and blood velocity were shown to increase
significantly with increasing input frequency and amplitude. At the lowest amplitude and
frequency, interstitial fluid velocity and blood velocity were on the same order of
magnitude as reported in literature. Variation of the geometric circular segment model
with skull radius demonstrated that larger skull sizes are more sensitive to changes in
frequency. Investigation of fluid velocities beyond the skull radius using the Gaussian
model showed significantly higher fluid velocities at 1.5R.
Towards the development of prophylactic and treatment protocols for clinical PrU
management, the next steps are four-fold: 1.) to extend the model to include individual
skin layers (separate models for epidermis, dermis, hypodermis, and muscle) 2.) to
correlate maximum tissue strain to PrU occurrence, and 3.) to optimize the required
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apparent strain amplitude and frequency inputs for a wide range of tissue parameter
inputs (i.e. tissue thickness, initial solid volume fraction, bulk and shear modulus) such
that the device is effective on a diverse range of patients (from neonates to elderly) and 4.)
convert inputs into device design criteria.
Arguably the most useful feature of the model is the ability to vary input
parameters to represent different patient populations from neonates to the elderly to those
with spinal cord injuries. For example, in stark contrast to neonates, elderly patients have
stiffer skin (higher shear modulus) and less fluid content (higher initial solid volume
fraction). The model may be modified with these inputs to optimize design criteria
specifically for the elderly population. Therefore, future work will ultimately result in a
greater understanding of the response of skin tissue to time-varying loading across all
patient populations if input parameters for each population set are utilized in optimization
algorithms.
While patient specific optimization is possible, design across specific patient
populations is more reasonable in the medical field. However, future iterations of device
design might also include a feedback system which adjusts the amplitude and frequency
of vibration in real-time to attain normal physiologic blood flow velocities. This results in
a pseudo-patient specific design as the real-time input parameters are adjusted based on
patient response to the device. The use of a feedback system eliminates the need for
patient specific skin tissue properties, which may be expensive or invasive to acquire.
In conclusion, this study has demonstrated the ability to analytically predict quasistatic stress profiles as well as predict fluid velocity increases in cyclically loaded soft
tissues by employing quasi-static mechanics and mixture theory models. Consequently,
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this study builds a strong foundation for use in the development of vibrational support
surfaces for use in prophylactic protocols and adjunctive treatment modalities for PrU
management.
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Appendix A. Experimental Setup by Bader et. al
Calibrations of the solid constituent material model utilized in vivo human skin
tissue compression data collected by Bader et al.[48]. The study acquired indentation data
using a counter-balance beam with load applied directly to the tissue surface via 20mm
plane-ended indenter (assumed to be cylindrical). Indentation tests were conducted on the
anterior forearm resting on a fixed base. Data was collected from two subject groups:
healthy 20-26 year olds and healthy or hospitalized 57-79 year olds.
Tissue deformation was tracked using a potentiometric linear displacement
transducer. Skin thickness was measured using Harpenden skinfold calipers. A constant
load was applied for two minutes and the tissue was allowed to recover for two minutes
for three cycles.

Figure 57. Experimental test set up developed by Bader et al. for in vivo compression
testing of human skin. The load was applied via a 20mm plane-ended indenter to the
anterior aspect of the forearm in a fixed position.
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Figure 58. Experimental test set up developed by Bader et al. for in vivo compression
testing of human skin. The load was applied via a 20mm plane-ended indenter to the
anterior aspect of the forearm in a fixed position.
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Appendix B. Procedure for Gaussian Curve Fit
A Gaussian distribution was used to model the strain profile of skin indentation
under both axisymmetric spherical and cylindrical plane strain loading conditions. The
general form of a Gaussian distribution strain profile is defined by
ߝ ൌ െߛ݁

షሺೣషഋሻమ
మమ

(A.1)

where Ȗ is the maximum strain at x = 0, µ is the mean, and ı is the is the standard
deviation (spread). For an axisymmetric model, ߤ ൌ Ͳ. Therefore, the only parameter
requiring calibration is ı, the spread.
Both loading conditions can be geometrically modeled as the arc of a circular
segment (Figure 59).

Figure 59. The geometric relationships between sphere radius (Rs), contact radius (a), and
maximum indentation (do) are used to develop the geometric circular segment strain
profile function.

The strain profile of the arc of a circular segment is defined by
ߝ௭ ൌ െ

ௗሺோሻ
ு

(A.2)

where H is the tissue thickness and
݀ሺܴሻ ൌ  ඥܴௌଶ െ ܴ ଶ െ ඥܴௌଶ െ ܽଶ

(A.3)
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ܽଶ ൌ ܴௌଶ െ ሺܴ௦ െ ݀ ሻଶ

(A.4)

݀ ൌ ݀ሺܴ ൌ Ͳሻ.

(A.5)

With a geometrical representation of the strain profile known, a curve fit of the
Gaussian distribution via parameter estimation of the spread (ı) provides a method of
developing a Gaussian strain distribution.
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Figure 60. Representative plot demonstrating the output of a curve fit between the
geometric circular segment strain profile and Gaussian strain profile via parameter
estimation of the spread (ı). This particular strain profile modeled a neonatal occipital
PrU and resulted in ı=0.0076.
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Appendix C. Derivation of Circular Segment Strain Profile
The arc of a circular segment was used to model the strain profile of skin
indentation under both axisymmetric spherical and cylindrical plane strain loading
conditions. The general form of a circular segment strain profile is defined by
ߝ௭ ൌ െ

ௗሺோሻ
ு

(C.1)

where d(R) is the tissue displacement as a function of radius and H is the tissue thickness.
The tissue displacement, d(R), was derived from basic geometrical relationships for the
arc of a circular segment (Figure 61).

Figure 61. The tissue displacement, d(R), was derived as a function of the contact radius,
a, from the basic geometrical relationships governing the arc of a circular segment.

The maximum tissue deformation was defined as d0 = d when R = 0 and the
contact radius, a, is determined using the Pythagorean Theorem, such that

ܽଶ ൌ ܴௌଶ െ ሺܴ௦ െ ݀ ሻଶ

(C.2)
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The tissue displacement as a function of radius, R, and contact radius, a, is defined by
݀ሺܴሻ ൌ  ݕെ ሺܴ௦ െ ݀ ሻ

(C.3)

where ሺܴ௦ െ ݀ ሻ ൌ ඥܴௌଶ െ ܽଶ from Equation (C.2) and  ݕൌ  ඥܴ௦ଶ െ ܴ ଶ (Figure 62) such
that the final form of the tissue displacement is determined by
݀ሺܴሻ ൌ  ඥܴௌଶ െ ܴ ଶ െ ඥܴௌଶ െ ܽଶ

(C.4)

Figure 62. The tissue displacement, d(R), was derived as a function of the contact radius,
a, from the basic geometrical relationships governing the arc of a circular segment. The
Pythagorean Theorem is utilized on the highlighted triangle to determine the length y,
which is then used to determine the final function for d(R).
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